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[Text] The results of research performed by a collective of Siberian geo-
physicists in an attempt to create a theory, procedures and equipment for
regional seismic studies in inaccessible parts of Siberia are discussed

in this monograph. New data on the structure of the folded basement, deep
zones of the earth's crust and upper mantle have been obtained by using
the developed method of spot (differential) seismic soundings with the
"Tayga" equipment in a number of areas of Siberia (the western Siberian
platform, the Siberian platform, the Altaye-Sayanskaya Oblast, the Baykal
rift zone).

This paper will be of interest to specialists in the field of developing

selsmic research methods and a broad group of geologists 'and geophysicists
studying the deep structure of Siberia.
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INTRODUCTION

The basic prospects for increasing the reserves of the most important types
of mineral raw materials are connected with studying the deep structure of
the little-developed and to a significant degree inaccessible eastern parts
of our country —- Siberia and the Far East. Therefore the role of regional
geophysical research aimed at quickly gathering information about the
large—scale structural features of the upper part of the consolidated earth's
crust, its deeper zones and the tops of the mantle over the entire territory
is especially important. This information is needed for comparative evalua-
tion of the prospects of the individual areas and the scientifically sub-
stantiated organization of exploration and prospecting for mineral deposits.

The necessity for expanding the studies of the earth's crust and upper mantle

in order to understand the processes of the formation of the mineral deposits
E and their distribution laws has been emphasized in the "Basic Areas of

Development of the National Economy of the USSR in 1976-1980," adopted at

the 25th Congress of the CPSU.

Seismic studies are acquiring greater and greater significance among the
methods of subsurface geophysics. The primary work is being done by the
method of deep seismic sounding (DSS), that is, with the application of
powerful artificial oscillation sources. The upper part of the consolidated
crust (primarily the surface of the platform basement) has been studied

for the most part by the correlation method of refracted waves (CMRW).

The seismic techniques insure the highest accuracy and reliability of the
determinations of the deep structure; the data gathered using seismic tech-
niques are basic to the interpretation of the materials from other cheaper
and simpler geophysical methods which, as a rule, are cnaracterized by a
significant degree of ambiguity in the solution of inverse problems.

The problems of subsurface seismic research caun be provisionally divided
into two groups, The first group includes the problems of studying the
large-scale subsurface structural features over broad territories, including
geologically inhomogeneous provinces, The second group-of problems reduces
to a detailed study of the relatively small and most interesting sectionms.
In deep seismic research efforts are often made to'combine relatively high
detail with the study of large areas, which leads to high cost, slow
accomplishment of work and insufficient éffectiveness of the detailed and
regional studies. At the same time examples of highly successful

2
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deep seismic studies have been known under the condition of concentration

of them on problems of only a regional or only a detailed nature., Thus,

new important information about the structure of the earth's crust and the

upper part of the mantle over large territories has been obtained in rela- -
tively short time as a result of low-detail ' work in the vicinity of the
transition from the Asian Continent to the Pacific Ocean [111] and at the
transcontinental intersections of the North American Continent [128]. -
Detailed operations are most effective if they are not combined with the

solution of regional problems, examples of which include the studies of

parts of the Baltic Shield [23, 71], in the Ukraine [107, 108] and in other

areas.

The reconnaissance (low-detail) operations must precede the studies of a

detailed nature; they must be performed quickly over broad, sometimes :
Inaccessible areas -- hence, as is known, we come to the efficient strategy

of geological- geophysical research [123].

Seismic studies of the reconnaissance type have long not been actually

performed in the eastern parts of our country, for the existing procedures

and equipment in practice have not been sultable for effective use under

the conditions of accessible terrain covered with taiga, swamps and mountains -
and almost devoid of roads. Therefore by the beginning of the 1960's a
contradictory situation had developed: in the Siberian regions with their
colossal potential with regard to still undiscovered mineral resources,

such essential work had not been broadly developed primarily as a result

of the absence of a procedural and equipment base. The application of the
well-known seismic procedures (CMRW, DSS in the traditional cont inuous-

profiling version) turned out to have low efficiency. It was only possible

to investigate the surface of the basement of the platform regions on

individual routes and in localized areas, but this did not provide any
representative information about the regional structure. Over all of

Siberia there was only one 300-kilometer DSS profile in the southern, -
steppe region of the Western Siberian plain (the Barabinskiy profile, the

work of the NTGU [Novosibirsk Territorial Geological Administration], and

the SNIIGGiMS [Siberian Scientific Research Institute of Geology, Geophysics

and Mineral Raw Materials], 1958). -

In recent times, the improvement of the seismic method of reconnaissance

has been aimed predominantly at increasing its detail and accuracy [1, 12,
31]. The same trend is also characteristic of the development of a pro-
cedure for deep seismic sounding [43, 71, 81, 85, 126]. The purpose of this
paper is the use of the preceding seismic reconnaissance experience to
create a procedure for relatively low-detailed subsurface seismic studies
over broad, sometimes inaccessible, areas.

The problem of the necessity for developing a special deep seismic explora-

tion procedure for Siberian conditions, primarily as applied to the study

of the basement, was stated for the first time by V. K. Monastyrev in

the Western Siberian.Geophysical Trust. In 1956, by his initlative a A
successful testing of the simplified systems of observations by the method

3
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of refracted waves calculated for use of the local elements of the hodographs
of these waves instead of the difficult to realize continuous operation
systems, was started, Later, this area was further developed procedurally
and equipment-wise as well as in practice in the Tyumen' Oblast. The mass
application and development of simplified refracted wave observations systems
took place during the regional work in Central Asia and certain parts of

the Eurcpean territory of our country [24],

, In 1961 N. N. Puzyrev, et al. began the development of a procedure making
use of arbitrary systems of spot (differential) seilsmic soundings with waves

- of various types (reflected, .head waves, refracted waves, and composite
waves) at the Institute of Geology and Geophysics of the Siberian Department
of the USSR Academy of Sciences. By the middle of the 1960's, the main
components of this procedure had been developed and tested in practice:
the discrete correlation of seismic waves; special two and three-dimensional
time fields, which are a generalization of the concept of the seismic photo-
graph to the case of an arbitrary system of sources and receivers of
oscillations; the methods of determining the parameters of a medium by time
fields; schemes for traverse and area seismic observations in inaccessible
areas.

Simultaneously, a number of Novosibirsk, academic and branch crganizations

(IGiG SO AN SSSR [Institute of Geology and Geophysics of the Siberian

Department of the USSR Academy cf Sciences], IAiE SO AN SSSR [Institute of
Anthropology and Ethnology of the Siberian Department of the USSR Academy

of Sciences], SNIIGGiMS MG SSSR [Siberian Seismic Research Institute of

Geology, Geophysics and Mineral Raw Materials of the USSR Ministry of

Geology], the Siberian Special Design Office of the USSR Ministry of Geology) -
designed and tested lightweight, radio-controlled Tayga equipment for )
recording seismic oscillations during regional studies (see Chapter I-IV)

and converted this equipment to series production.

The basis for the developed procedure is a new approach to the identification -
of waves recorded on short, separated sections (discrete correlation).

A joint study was made of various types of waves from the most stable,

extended boundaries in the earth's crust. The waves are identified with

respect to a number of attributes based on using kinematic, dynamic

characteristics of the oscillations and the general laws of the structure

of the medium and the velocity distribution.

Observations are being performed on the simplest possible, to a significant
degree arbitrary sounding systems (along the traverses or along the area

- network) made up of the source and a short (0,5~1 km) recording device,
the spacing between which is selected in the region of greatest isolation
of the investigated wave or group of waves considering local conditionms.
The arbitrariness of the observation systems and the use of the developed
remote controlled equipment made it possible to obtain the required density
of the points for determining the parameters of the medium (the reference
point).

4
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Along with the hodographs, another form of representation of the kinematic
wave characteristics was used -~ speclal two-dimensional and three-dimen-
sional time fields. The geometric parameters of the seismic boundary and
the velocity distribution of the medium are found by the time Fields with
sufficient accuracy for the reconnalssance phase,

In Chapter V, a new procedure is compared with the traditional types of
regional seismic research.

The broad production introduction of the performed scientific-design
developments has made it possible to proceed with the planned, deep seismic
studies which are continuing at the present time in the Western Siberian
platform with its mountain framework, the Siberian platform and the Baykal
rift zone (see Chapter VI).

The performance of this complex scientific-production work on the creation
of a new procedure and new equipment, their introduction and broad produc-
tion use has turned out to be possible as a result of the close cooperation
of a number of scientific and production crganizations: IGiG SO AN SSSR,
. IALiE SO AN SSSR, IG YaF SO AN SSSR [Geology Institute of the Yakut Branch
of the Siberian Department of the USSR Academy of Sciences], SNIIGGIMS MG

- SSSR, the ZapSibNIGNI Institute, the subdivisions of the Tyumen' Main
Geology Administration, the Novosibirsk, Tomsk and Yakut Territorial Main
Administration, the Eastern Geophysics Trust, the Krasnoyarskneftegazrazpedka
Trust, the Siberian Special Design Office of the Scientific~Production
Society of the Soyuzgeofizika of the Ministry of Geology of the USSR.

The successful improvement of the equipment and procedural developments,
broad testing and introduction of the new methods into industry have been
promoted by the new scientists and specialists. TFirst of all the authors

- are grateful to Academician A. A. Trofimuk for his constant attention to the
developments on all levels and also A. I. Bogdanov, V. V. Ansimov,
N. P. Chunarev, Yu. G. Erv'ye, L. G. Tsibulin, N. N. Grachev, N. G. Rozhek,
V. V. Tkachenko, V. A, Kondrashov, V. G. Sibgatullin, M. N. Ptitsyna and
many other comrades.

V. V. Fedynskiy, Yu. Ye. Nesterikhin, E. E, Fotiadi, M. K. Polshkov,
V. S. Surkov, N. V. Arkhipov, L. I. Orlov, I. D. Panin actively supported
the development of the "Tayga" equipment.

Large collectives of the above-indicated organizations participated in the
. substantiation of the new methods, the design of the equipment, and the
field experiments. Many of the specialists made a noteworthy contribution
to the development and the procurement of the geological results:
E. S. Agadzhanov, V. V. Alekseyeva, G. P, Apistratov, Yu. F. Barinov,
- F. Bratova, A. A. Degryarev, V. I, Belov, I. I. Bobrovnik, D. D. and
. D. Bondar', Z. A. Bridzinskaya, T, I. Vayman, V. P. Vasil'yev,
. Sh. Girshgorn, A. N. Gretskiy, D, L. Dryga, L. V. Dubovik, A, I, Dyzhin,
. V. Yemel'yanov, Yu. G. Zaytsev, V, M, Zamskov, V. Ye. Zakharov,

> HQ
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Isaykin, V. A, Kalashnikov, V. N. Kartsenko, O. N, Klimov,

Kogan, A. G, Komlyagin, A, F. Kolmakov, Yu, G. Komovalov,

Kreynin, V. V, Krepete, A, L, Krylova, G. V, Krupskaya, N, M. Levina,
. Leont'yev, G. G. Maslennikova, V, M. Megerya, Z, R, Mishen'kina,
Niknshina, V. M, Nosov, M. V, Pavlov, P, M. Prusova, G. V. Petrik,
Ileskachev, I. V. Podnarkova, S. V. Potap'yev, R. A. Rakitin,

Rodikov, A. G. kyasik, A, S. Sal'nikov, A. S. Samoylovich,

Seleznev, M, D. Sergeyev, T. G, Smirnova, M, Z. Sniper, S. K. Sulkovskiy,
. Taipov, L. L. Trusov, F. M. Trusova, V, F. Uarov, T. N. Kholodnyakova,
. Chernykh, Ye. S. Shlyakhter, A, S. Shtifanov, Yu. A. Shcherbakov,
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CHAPTER I. REQUIREMENTS ON REGIONAL SEISMIC RESEARCH

§1. Subject, Goals and Characteristic Features of the Regional Sedsmic
Research Method

The most important goal of research is discovery of the regional structure
and density of the depths to establish the relations of the surface
geological features controlling the mineral deposits accessible for
extraction to the structure of the subsurface zones of the earth's crust
and the tops of the mantle.

The regional seismic studies constitute part of a complex of subsurface
geophysics techniques. The seismic method must provide reference data for
interpretation of the gravitational, magnetic and other natural physical
field anomalies. By these anomalies the discovered subsurface structural
features can be supplemented and extended to territories which are :adjacent
to the seismic operation zones.

At the present time there are numerous geological-geophysical facts and

ideas about the model of the earth's crust which must serve as the basis

for determining the characteristic features of the subsurface structure
- accessible to express investigation by the seismic method.

It is obvous that in the prospecting work the seismic method must isolate
sufficiently large-scale structural features of the earth's crust and the
tops of the mantle important to the understanding of the deep nature of the
regional geological structures and the large~scale anomalies of the

natural geophysical fields. The specific problems and objects of investiga-
tion are varied. Indisputably, it is necessary to consider that these
include a comparative subsurface study of the platforms (young and old),

the folded regions of various ages and the regions of tectonic activity (the
rift zones, the regions of modern vulcanism), However, we must not limit
ourselves to the study of these very large features as a whole containing
internal inhomogeneities of different order. In order to estimate the
possibility for the discovery of these inhomogeneities on the prospecting
level, let us consider the geological data on the denuded regions and some
of the results of deep seismic studies.

7
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Let us use the materials from the tectonic regionalization of Siberia

and the Far East by structural and formational attributes [22], limiting
ourselves to the data pertaining to folded complexes, that is, the geologi~
cal bodies which form the consolidated crust. The basic (largest) structures
of the folded complexes are the geosynclinal troughs, the geoanticlinal
uplifts, the orogenic type troughs and many others. These structures are
distinguished with respect to internal structures and rock composition, and
as a rule, they are bounded by large fractures. Statistical data are pre-
sented in Fig 1 on the horizontal dimensions of more than 60 such structures.
The extended structures with a ratic of the axial lengths of 3 to 5 pre-
dominate. The dimensions along the long axis reach 800 km or more; the
predominant values do not exceed 600 km. The width of the structures

— reaches 300 km with predominance of values near 100 km.
a
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Figure 1. Characteristics of the horizontal dimensions of
regional geological strudtures of the folded
complexes of Siberia and the Far East.

a -- ratio of the width (b) and length (c) of the structures;

b -~ histograms of the width and length of the structures

With respect to size, the investigated geological structures are similar to
the outlines of the regional anomalies of the magnetic and gravitational

fields [5]. Therefore the orientation of the prospecting seismic research
for the discovery of the subsurface features on this scale is important not
only for regional geology, but also for other geophysical methods -of study-

ing the earth's crust.
By the results of the detailed subsurface seismic studies, the actual dis-
tribution of the elastic properties of the earth's crust and upper parts
of the mantle at the present time is approximated by a nonuniform layered-
block model [43]. The layering 1s exhibited in the existence of almost

8
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horizontz1, slightly wavy boundaries separating the medium into a number

of layers with different elastic wave velocities, The klocking is
expressed in the fact that over extended (up to several hundreds of
kilometers) sections of the profiles of the depths of occurrence of the
seismic boundaries, the thickness of the earth's crust, its fractured
dismemberment vertically, the thickness of the individual layers and the
elastic wave velocities vary little, The articulation of the sections with
respect to the sustained structure usually take place along narrow steeply
dipping zones where all or the majority of the mentioned parameters change
sharply. These anomalous zones frequently are exhibited to the tops of

the mantle, and they are considered as abyssal fractures delimiting the
crust-mantle blocks, The discussed peculiarities characterize the macro—
inhomogeneity of the deep interior. Sufficiently detailed seismic studies
have established more broken blocking out of the earth's crust, discontinuity
of the gently sloping seismic divisions, complex structure of them in the
vertical cross section, the existence of short, sharply inclined boundaries
and diffracting features.

Gently sloping seismic boundaries in many cases do not agree with the
geological concepts of the structure of the crystalline crust, especially
its upper part [14, 45]. However, the tracing of these boundaries, with
procurement of the data on the velocity distribution of the elastic waves,
permits sufficiently reliable isolation of the large blocks of the earth's
- crusts and the abyssal fracture zomes, The blocking out of the crust
according to the seismic data, as a rule, is in good agreement with the
> geological data on the structure of the upper part of the section. Txamples
of this agreement are known in practice in all exposed areas. The large
neological structures frequently appear in the entire thickness of the
- earth's crust in the form of individualized blocks established by deep
seismic studies.

The local peculiarities of the medium (frequent discontinuity of the
boundaries, small inclined surfaces, diffracting features) obviously cannot
be studied during reconnaissance prospecting. The deep boundaries must be
investigated under the assumption of their being sustained over large
territories, but even in a rough approximation this is not valid for all
selsmic divisions. The most stable reference boundaries are the surface

of the mantle (the Mohorovicic discontinuity -- M) and the upper boundary
of the consolidated crust corresponding to the surface of the crystalline
(folded) basement in the platforms. These two boundaries must be studied
in the reconnaissance prospecting phase. The intermediate intracrustal
seismic discontinuities can be reliably investigated only under favorable
conditions, for even when using the continuous profiling procedure, they
have discontinuities and cannot always be identified in the near sections
[43]. Nevertheless, during the reconnaissance operations the possibility
of studying the sharpest boundaries inside the crystalline crust must be
provided for.

9
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It 1s extremely importont to emphasize the insufficiency of studying only
the morphology of the reference seismic boundaries. This arises, in
particular, from the already-mentioned correspondence of the gently sloping
seismic stratification of the earth's crust to the geological data from
which it follows that the configuration of the extended boundaries far

from exhausts all of the characteristics of the complex structure of the
investigated medium. In addition, there are a number of examples where the
gravitational anomalies which are sufficiently large with respect to hori-
zontal dimensions and intensity cannot be explained by the slightly wavy
stratification of the material of the earth's crust alone. Accordingly,

in the reconnalssance prospecting phase, along with the morphology of the
boundaries it is necessary to study the large-scale velocity distribution
features (mean, boundary, stratal) along the traverses and with respect to
area.

The information about the variation of the elastic wave velocities is no
less important than the geometric characteristics. It is inadmissible to
use constant values of the velocity carried over from other regions. The
information about the velocity distribution of the elastic oscillations in
the regions of modern tectonic activity with inhomogeneities of the elastic
properties of the rock of the earth's crust and the top of the mantle
important to subsequent analysis and, along with the electrometric and
geothermal data indicating the possible anomalous state of the subsurface
material is especially valuable. The information about the limiting velocity
distribution when studying the basement surface of the platforms and the
boundaries in the upper part of the consolidated crust is also important.

Consequently, the reconnaissance prospecting seismic studies of the earth's
crust must be distinguished from the detailed studies not by the nature
(composition) of the information obtained, but only the scale of the
investigated inhomogeneities and the accuracy of determining the parameters
respectively.

The importance of the information about the velocity distribution of the
elastic waves will be illustrated in two characteristic examples of
reconnaissance prospecting seismic operations in the Siberian areas.

The first example pertains to the study of the basement in the southern part
of the Western Siberian platform. In the upper part of the crust two
refracting boundaries are isolated (Fig 2, b): the F boundary corresponding
approximately to the basement surface of the platform cover, and the lower-
lying I boundary which is discontinuous. The boundary velocity over the

F surface (Fig 2, a) changes sharply in the 5.3-6.2 km/sec range, The
reduced values of the velocity (5.3-5,7 km/sec) are coordinated with the
sections of existence of the I boundary. VWherever the latter boundary does
not exist, the velocity on the F surface increases sharply to 6.1-6.2 km/sec.
The joint investigation of the data on the velocities and the configuration
of the seismic boundaries leads to the conclusion of the block~fractured
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structure of the basement and the probable geological meaning of the

seismic

boundaries and layers. The blocks with high velocitv at the F

boundary obviously correspond to the folded (geosynclinal) complex of

1}

basement rock,

In the blocks with reduced velocity the tops of the base-

ment (the layer between the F and I boundaries) probably are made up of
an intermediate complex of rock with a relatively low degree of meta-

morphism; The geosynclinal formations run under the I boundary.

This

geological-geophysical analysis of the seismic data obviously would be

yrsle (1)

impossible without information about the elastic wave velocity distribution.
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Figure 2. Seismic traverse of the cities of Ishim to
Barabinsk (Western Siberia) [114]
a -- graph of the boundarv velocity over the basement surface
(F); b -- seismic section; 1 —- seismic boundaries; 2 -- fracture
zones; 3 ~- deep wells
Key:
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2. Ishim
3. Barabinsk

As another example let us consider the results of studying the surface of

- the mant
sounding
- {106, 13
wave vel
the tran
zone, ac
contrast
data on
- 7.7-7.8
in the r

APPROVED FOR RELEASE: 2

le in the vicinity of Lake Baykal by two procedures: spot seismic
[55] and the seismological method of transmitted composite waves
3]. The second procedure does not give information on the elastic
ocities. 1In the sections obtained by closely arranged traverses,
sition from the Siberilan platform to the highly active Baykal rift
cording to the data of both procedures, is not accompanied by
changes in the morphology of the M boundary, Actually only the
the reduction in the boundary velocity on the M surface to
km/sec indicates the anomalous properties of the tops of the mantle
iftogenesis zone., This highly valuable information was lost during
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the seismological studies oriented in the given case only to the study of
the configuration of the medium.

Let us discuss some general requirements on the procedure for deep seismic
studies of the reconnaissance prospecting phase,

It was demonstrated above that obtaining full-valued information about the
deep structure containing data not only on the morphology of the reference
- seismic boundaries, but also the velocity distribution in the medium, it _
is possible in the majority of cases only for the joint use of the waves
of various types. The orientation of the seismic studies to recording waves
of any one type (for example, composite waves in the first arrival),
although it creates defined conveniences when performine the operations,
usually leads to insufficiently complete information and even low reliability
of the information about the medium period.

Figure 3. Substantiation of the seismic studies of the
block structure of the earth's crust
- a —-- strike rose of the large faults of the Altaye-Sayanskava
Oblast and Hazakhstan; b -—- histograms of the angles between
the fractures and the rectilinear traverses of different
length (curves 1-3 correspond to traverses 300, 600 and 1200 km
long)

The joint use of waves of different types must be one of the basic principles
of the method of reconnaissance prospecting seismic research. The presence

of data on a number of waves even in the case of relatively low-detail
observations permits reliable identification of the waves, more correct
selection of the model of the medium and control of the results of determining
its parameters. All this will promote an increase in the completeness and
reliability of the information obtained without significant complication

of the seismic observations themselves.

The problem of how to perform the reconnaissance prossecting study of the
deep continuation of the regional near-surface geological structures —-
with respect to the extended rectilinear profiles or by the area-wide
observation network -- is important. It is known that the fractures and,
consequently, the geological structures bounded by them, are grouped with
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with respect to the strike directions into four orthogonal and diagonal
systems. This phenomenon is illustrated by the strike rose of the large
fractures of the Altaye-Sayanskaya Oblast and Kazakhstan (Fig 3, a)
compiled by the tectonic map of Furasia (editor A. L. Yanshin, 1966),
Accordingly, the extended rectilinear traverses, even with optimal orienta-
- tion of them, in many cases cannot run across the strike of the majority
of intersccting structures. Thus, under the conditions of the Altaye~-
Sayanskaya Oblast and Kazakhstan, it is possible to intersect the regional
structures almost at a right angle to the strike only by limiting the
extent of the seismic profiles to the first hundreds of kilometers (Fig 3, b).
The traverses about 1000 km long intersect the boundaries of the structures
at predominant angles from 40 to 90°, All of the values of the angles 1in
this range are almost equiprobable,

Consequently, the profile observations are not always advantageous: a -sig~
nificant part of the investigated structures will intersect almost along the
strike, which decreases the information obtained per unit length of the
profile and can cause difficulties when interpreting the wave field as a
result of different types of side effects. It is expedient to combine the
profile studies with the area studies.

The solution of the problem of the density of the network of seismic observa-
tions during the reconnaissance prospecting work depends to a great extent
on the peculiarities of the specific seismic procedure -- the method of
identification and type of waves used, the methods and accuracy of determining
the parameters of the medium, and so on. These peculiarities will be investi-~
gated in Chapter IV, and here we shall consider that each single determina-
tion of the parameters of the medium (velocities, depths) is absolutely

' accurate, and the distortions of the shape of the relief of the seismic
boundaries h(x) and the graphs of the velocities along the profile v(x)
are caused by the discrete nature of the location at the points of determina-
tion of the parameters of the medium (the reference points). Under these
conditions, it is possible to obtain an estimate of the maximum distance
Axp between the reference points, which must not be exceeded in order to
avoid undesirable distortions of the results.

From information theory (the Kotel'nikov theorem or the veference theorem
{127, 129]1) it is known that the function y(x) (in our case the function
of the variation in depths or velocities along the mixed profile) with
respect to its discrete values following through the Ax interval, cannot
be exactly recreated, for its spectral components are lost at frequencies
= ' above w0=1/Axg. The least value of the relative mean square error in the
! recreation of the function y (x) is)

=g

j. | S {w) 2dw - \ ]S (0) [2de’
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where y is the mean square error in recreation of the function y(x);
p 1s the mean sauare value of this ‘function, S(w) is its spectrum,

In order to use the presented relation, 1t is necessary to he given the

form as a function y(x), that is, h(x) and v(x). From the seismic opera-

tions experience (characteristic examples with respect to the Siberian

areas are presented in Chapter V) it follows that the relief of the deep

seismic boundaries obviously 1s primarily caused bv the fracture-block

- structure of the earth's crust. The function h(x) usually has a step form;

- smooth variations of the depths are noted. Statistical data are presented
in Fig 4 for Western Siberia about the horizontal dimensions of the step
and amplitudes of the discontinuities and their boundaries for the
Mohorovicic surface and the higher-lying I boundary. The actual velocity
distribution along the seismic boundaries vpoundary(x) also can be
approximated by step functions. This type of graph Vboundary(x) is apparently
connected with the block structure of the crust, and in the case of the
basement surface (Fig 5) also with the erosion of the complex folded rock
penetrated by intrusions. The horizontal distribution of the mean (effective)
and mean interval velocities, which are the integral parameters of the medium,
must be approximated not by step function, but by smooth functions containing
anomalies with approximately the same horizontal dimensions as the correspond-
ing blocks of the earth's crust.

0 2 4 8 10ahkm

A
12 Aham

Figure 4. Histograms of the horizontal effect b and the
anplitudes Ah of the steps in the relief of the
seismic boundaries I (a) and M (b) by the results
of the deep seismic soundings in Western Siberia
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Figure 5. Histograms of the horizontal dimensions b and ampli-
tudes AVioypdary Of the step anomalies in the
distribution of the boundary velocity over the
basement surface of the Western Siberian platform
(by the spot seismic sounding data)

For approximation of single anomalies of the depths and the velocities, let
us take the following simple functions:

afor 4 >z>— 2
B (@) = (L2)

b b

and

_4ln ”011

Yp(z) =ae ¥ 7 (1.3)

The first function (square pulse, Fig 6) simulates the depth variation of
the parameters reflecting the block structure of the medium. The second

function, called a bell function, permits investigation of the continuous
distribution of the parameters. Its width (b) is provisionally taken at

the 0.0la level (Fig 6, b)

As a result of the substitution of the functions_y] and yy in the expression
for min y/p and the mathematical transformationsl we obtain the desired
- expression. For a square pulse

b |
: { —cosat > -
miny Az, 2. b
. ) = 1-{-2-2—,7"—;81(70:&—0) . (1.4)
® Az, °

lpor the bell function these transformations are presented in Chapter IV,
§1,
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For the bell function

miny [y _ n . __b_\n—-% (1.5)
P {1 (D(Z Y2In100 Az,
v 2 &
Here Si(u)::) m? 'dL‘D(u)==7;) e tar is the integral sign and the
0 0

- Laplace function.

During reconnaissance prospecting in the majority of cases it is possible to
consider it admissible to have relative distortions of the structural forms
and velocity anomalies up to 25%Z. By the graphs of Eﬂﬁl(_lL_
P Azy
in Fig 7 we find that this condition will be satisfied if the distance Axq
between the reference points does not exceed one quarter (for the step
anomalies) and one third (for the smooth forms) of the width b of the
investigated objects. Assuming, in accordance with the results of the
preceding analysis, for the deep parts of the earth's crust that b3100 km,
we obtain Axp<25-30 km. Vhen studying the upper part of the earth's crust
where a great deal of detail in the results is necessary, clustering of the
points of determination of the parameters of the medium can be used. In
this case taking the width of the discovered anomalies at b~30 km (see Fig 5),
we obtain Ax@p<7.5-10 km.

mia
7r1

z
R | 0 ] ‘0’23‘557"},

Y:

Figure 6. Rectangular (1) and bell Figure 7, Minimum relative errors

(2) pulses in the recreation of the square (1)
and bell (2) pulses by discrete
= measurements

Thus, it 1s possible to formulate the subject and the problems of the deep
seismic studies of the reconnailssance prospecting phase in the following

way: the discovery of the large (about 100 km or more across) blocks of

the earth's crust and the fracture zones separating them in order to dis-
cover the deep nature of the regional geological structures and the correspond-
ing anomalies of the natural geophysical fields; the mandatory study of the
foot, the roof of the consolidated crust and the basic peculiarities of the
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velocity distribution of the elastic waves in the medium. The effective
procedure for reconnaissance prospecting seismic research must be based on
the joint use of waves of various types during area and traverse observa-
tions with determination of the parameters of the medium no more rarely
than every 25-30 km, and when studying the upper part of the crust, every
7.5 to 10 km.

Let us more specifically define these general requirements as applied to

the study of the basement of the platform regions where recently new goals
have been set for the regional seismic studies connected with estimation

of the prospects of the oill-bearing nature of weakly metamorphic sedimentary
rock belonging to the upper level of the basement. When solving these prob-
lems obviously it is impossible to limit ourselves to studying the surface
of the basement. The deepness of the studies must not be less than the
depths to the foot of the upper structural phase of the basement, the thick-
ness of which can be 5 to 10 km. As a result of the three-dimensional
nature of the investigated layered-block structure of the basement the

work must be of predominantly an area nature with tracing in the plan view
of the fractures separating the large (several tens of kilometers across)
blocks of various types. Along with the data on the configuration of the
boundaries, the information about the spatial distribution of the velocity
in the medium bearing information about the actual composition of the rock
has primary significance.

§2. Existing Deep Seismic Research Method

The corresponding procedural problems have been discussed in detail in
references [43, 148, and so on]. Let us briefly consider the state of the
art with respect to the problem, primarily in connection with the problem
of reconnaissance research.

Predominantly profile observations are being used which are divided into
continuous, piecewise continuous (the dashed lines) and spot (the dotted
lines) observations. This separation does not apply to the observation
systems alone. The working models of the medium, the procedures for wave
identification, the interpretation procedures, the completeness and detail
of the results obtained are also distinguished.

Continuous profiling (Fig 8, a) has become the most widespread in the USSR:
no less than 907% of all of the DSS profiles on the dry land were investi-
gated by this procedure. The observation systems are calculated for simul-
taneous recording basically on the z~component of the reflected (usually
critical and transcritical), refracted (hecad waves, refracted waves) and
other types of waves for a sufficiently detailed study of a section of the
entire consolidated crust, and in individual cases, the upper part of the
mantle itself. As a rule, a longitudinal profile is used with a spacing
between the groups of seismographs of 100 to 200 meters and several 1dentical
multichannel seismic stations. The lengths of the hodographs reached
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Figure 8. Diagrams of seismic observations
Profiling: a -- continuous; b -- piecewise continuous;
c -- spot

250~350 km (500-600 km when studying the boundaries inside the mantle).

The spacing between the explosion points when studying the deep boundaries
will on the average be 50 to 70 km, and sometimes to 100 km. 1In order to
investigate the upper part of the section, a denser network of oscillation
sources is given. The systems of overlapping and counter hodographs will
permit continuous correlation of the waves over extended sections of the
profile, the application of quite strict interpretation methods for
determination of the configuration of the boundaries and the velocity dis-
tribution in the medium. The continuous profiling (longitudinal and non-
longitudinal) with detailed breakdown of the section of the earth's crust
with respect to elastic properties 1s especially effective for detection
and tracing of the faults and other irregularities. Detailed continuous
observations are also needed to discover the nature of the recorded deep
waves. The deep seismic bounding operations by the method of continuous
profiling frequently are combined with seismic exploration of the sedimentary
series which essentially increases the reliability and value of the data
obtained. The operations by the reflected wave method with recording by
the common depths point method for investigation of intracrustal boundaries
have great theoretical significance.
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As a result of the deep selsmic research with respect to dense continuous
observations sytems in the USSR, broad information has been obtained on

the peculiarities of the recorded wave fields, the layered-block structure
of the earth's crust under various geologlcal conditions, the velocity
distribution laws, the fine structure of the crust, the seismic anomalies

In the abyasal fracture zonew and other peculfoaritien.  Thene resultn, In
additlon to thelr general sclentillc glgnificance, constltute a basis for
further improvement of the deep seismic soanding method, including in
connection with the problems of operations in the reconnaissance prospecting
phase. It must be noted that the operations with respect to the continuous
profiling with the blast points separated from each other (by more than

250 to 300 km with approximately the same lengths of the hodographs) must

be considered in the category of reconnaissance prospecting procedures by the
nature of the Information obtained on the deep structure and the reliability
of determining the parameters of the medium.

Piecewise-continuous profiling (Fig 8, b) differs from continuous profiling
by the presence of omissions in the seismograph installations with respect
to profile and significantly less dense arrangement of the sources. In the
USSR this type of observation was used in the initial phase of development
of the deep seismic sounding method. Now it is used to a small extent in
the inaccessible parts of Siberia for the so-called parametric sounding for
preliminary study of the basic characteristics of the wave picture.

Piecewise profiling is the basic type of observation on the dry land when
studying abroad. The short (no more than a few kilometers) seismograph
installations are placed with significant (10 km or more) breaks along
rectilinear profiles, beginning with the source of the observations to
distances of about 300 km. Sometimes the extent of the hodographs obtained
reaches 600 km. Often several dozen recording stations are used simultaneously.
As a rule, the blast points are located no closer than 100 to 200 km to

each other. Systems of single or counter hodographs are used, the extent of
which is selected counting on obtaining recordings of the refracted wave

from the M boundary in the first arrival.

The area systems of rectilinear profiles radiating from one common oscilla-
tion source have found application in the United States and Western Europe.

As a result of incompleteness of the investigated observation systems usually
it is possible reliably to trace only the refracted waves recorded in bhe
first arrivals over extended intervals of the profile, The use of the
following waves, especially if they do.not form sufficiently extensive
hodographs, 'is complicated. When interpreting the data frequently studies
are made of single hodographs without relating them, which forces simplifica-
tion of the model of the medium, reducing it to a layered medel with plane
horizontal boundaries and constant velocitles, As a result, in spite of

the relatively high density of the seismic observations, the distances
between the reference points of determination of the parameters of the

medium turned out to be appreciably larger than the limiting values which
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were substantiated above beginning with the conditions of reliable discovery
of the investigated objects. The horizontal nonuniformities, the block
nature of the crust, and the deep fracture zones, as a rule, do not find
- reflection in the resultant constructions, Usually highly reliable data
are obtained on the thickness of the crust and the boundary velocities at
its foot. The intracrustal boundaries are determined with less reliability
and they are not obtained everywhere,

It was possible to achieve a reliable separation of individual deep waves
in the subsequent arrivals during piece profiling by recording them in
specially selected intervals from the source. As an example, we can use
the work of the Hungarlan geophysicists for studying the M boundary by
reflected waves recorded near the initial point [140]. 1In the Federal
Republic of Germany, piecewise profiling systems are used which have been
designed for tracing the waves reflected from the same part of the boundary
for various blast-reception distances [142].

Spot profiling (see Fig 8, c) is used predéminantly for marine investigations
in the mobile blast version [32, 111]: stationary seismic stations on

- ships, buoys, bottom seismographs recording waves from the blasts moving
along the profile line are used. The spot observations on dry land conducted
abroad differ from the piece profiling by the application of one or several
seismographs (frequently multicomponent selsmograph) located at ome point or
in a very small space instead of the quite extensive recording devices.
Selsmological receiving equipment is often used in this case. At the
present time such systems have become quite widespread for the recording of
waves at great distances from the source (~1000 km or more).

The continuous profiling procedure permitting us to obtain more exact and
reliable data on the deep structure obviously cannot be used in the
reconnaissance prospecting phase of the operations as a result of its
complexity, its great consumption and impossibility of performing continuous
observations in inaccessible areas in large volume. The low-detail operations
are performed on the continents (actually only abroad) using piecewise and
spot profiling. The simplicity and the relativelv small amount of labor
involved in the observation systems characteristic of these procedures have
been obtained within the framework of the traditional approach based on
usirg the hodographs. The rarefaction of the observation network complicates
identification of the waves, causing significant schematization of the
models of the medium. As a result, the above~formulated problems of
reconnaissance prospecting deep seismic studies during piecewise-continuous
and spot observations are not always solved with sufficient completeness

and reliability. 1In addition, in these methods it is necessary to perform
operations with respect to sufficiently extended rectilinear profiles,

which is far from always possible under conditions of inaccessible terrain
and also in densely populated areas.
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In the method of seismic sounding proposed below which is intended for the
performance of the operations of the recomnaissance prospecting phase, an
effort was made to surmount the indicated difficultles based on broad
information about the wave field and the structure of the medium obtained
as a result of detailed operations hy the cont{nuous profiling method.

) §3. Requirements on the Equipment for Reccnnalssance Prospecting Sedsmic
: Research

- When performing reconnaissance prospecting studies by the deep seismic
sounding method, the seismic waves.are excited by blasting with powerful
charges of from 2 to 4 toms, for the seismic waves are recorded at a
digtance of 200 meters or more from the blast point. As a rule, the
charges are distributed in wells 20 to 40 meters deep with 100 to 200 kg
of the explosive in each well.

The organization of the blast point, especially in inaccessible areas, is
highly labor-consuming. It is possible to reduce the expenditures on the
operations involved with the deep seismic sounding method primarily by
increasing the points of simultaneous recording of the seismic waves
excited by each blast, that is, increasing the use coefficient of each
blast. Comsequently, the problem reduces to recording the oscillations
excited by the blast at the largest possible number of distributed observa-
tion points. Accordingly, the problem of transporting the recording equip-
ment to the observation points arises which can basically be solved in
inaccessiblé areas by using air transportation (helicopters). This
determined the first basic requirements on the recording equipment -~ the
high transportability, small size and weight, for the equipment of all of
the recording points is expediently transported by helicopter with successive
landing at the largest possible number of observation points. The mass of
the recorder which is adapted for being carried by one man together with
the power supply must not exceed 30 kg, and as a rule the recorder is
installed at some distance from the landing site of the helicopter.

The use of small-sized equipment rot requiring the presence of service
personnel at the recording points greatly facilitates the insurance of the
necessary living conditions, especially in inaccessible areas and delivery
of the personnel to the recording points. This also determines another
requirement on the recording equipment -- autonomity, that is, the capacity
to perform its functions during a defined time interval without service
personnel.

The next requirement imposed on the recording equipment is insurance of
reliable time coordination of the blast and the seismic information recorded
by a large number of distributed recorders.

As a result of location of the recording points at different distances from
the blast point, the intensity of the recorded oscillations will differ
significantly; therefore the equipment must have a quite wide dynamic
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range. This requirement is best satisfied at the present time by using
magnetic recording,

Since the placement of the large number of recording points and the organi-
zatlion of the blast point require comparatively identical expenditures,

it is expedient at certain observation points to record seismic waves
excited successively at several blast points, This gives rise to another
requirement on the equipment and the basls of its autonomity -- the
successive recording of information without any preparatory operations

(for example, overloading the magnetic arrier), that is, the tape drive
mechanism of the magnetic seismic recorder must be of the reel type.

The excitation of the oscillations in the deep seismic sounding method is

a highly labor-consuming, expensive operation in connectdon with which

it is necessary to use industrial blasts as the excitation sources insofar
as possible. These sources are in some sense "uncontrollable"; therefore

the equipment must be adapted to record induced or seismic oscillations.

Inasmuch as the equipment specially designed for the deep seismic sounding
method is produced in the USSR, when performing the studies in Siberia in

the first phase of the operations the information was recorded at a total

of 2 to 4 points by the §5-24P standard seismic exploration equipment with
the APMZ~ChM magnetic recording attachment, the characteristics of which
were especially adapted for this purpose [26, 76]. The frequency band of

the entire seismic channel was 4 to 20 hertz, and the dynamic range was
about 40 decibels. The minimum recorded signal was 0.5-0.6 microvolts,

The number of recording points was limited by the large size of the equipment
and impossibility of operating it without service personnel.

When using the continuous profiling deep seismic sounding method in the USSR,
as a rule, several identical multichannel seismic stations were used. The
spacing between centers of the groups of seismographs was 100 to 200 meters.

The improvement of the deep seismic sounding method revealed the optimal
Length of one installation, especially in an inaccessible area, to be

0.5 to 1 km. Increasing the length did not lead to a significant decrease
in the scattering of the defined values of the apparent velocities of the
recorded waves.

This also determined another requirement on the equipment —- it must have

= about six recording channels. The number of channels is felt noticeably
in the size and weight of the equipment installed at the observation point;
therefore this parameter of the seismic recorders must be especially
carefully determined,

- Beginning with the indicated basic requirements on the seismic recording

equipment, let us consider the characteristics of the Soviet and foreign
equipment for the corresponding purpose.
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Table 1
Psrameter "Zemlya" "Cherepakha" "Mars-66"
No of seismic channels 4 3 (on two levels 3
each)
Yo of auxiliary chammnels 2 2 2
Dynamic range, decibels 40 70 60
Frequency band, hertz 0.5-10 1-20 0.3-100
Magnetic tape width, mm 25.4 25.4 6.25
Recording procedure on the Direct with Direct with Frequency
magnetic tape magnetization magnetization modulation
Magnetic tape drive speed 1 mm/sec 0.5 mm/sec 9.5 and 19.05
cm/sec
Type of tape drive mechanism Reel Reel Reel
Time marking procedure Quartz clock, Ouartz clock, By radio
by the radio by the radio channel
channel channel
Autonomous operation time 10 days 10 days 1 hour
Intake power, watts 12 12 3
Weight of the recorder 20 20 30 with power

without a power supnly,
kg

supply

In recent years two types of autonomous sedsnic recording equipment have

been produced in the USSR:

the "Cherepakha'" equipment developed by the

"Razgeofizpribor" plant and the "Zemlya" equipment developed at the

"YNIIGeofizika" Institute.

Both types are primarily designed for continuous

(within the reserve limits) recording of earthquake waves at distributed

observation points.

Each set of equipment includes some number of autonomous

seismic recorders with continuous driving of the magnetic tape and basic

reproduction unit.

The basic characteristics of the "Zemlya'" and the

"Cherepakha' recorders and also the '"Mars-66" West German equipment
especially designed for the deep seismic sounding method [138] are presented

in Table 1.

From the table it follows that with a 12~volt intake the autonomous operating
reserve of the "Zemlya" and "Cherepakha" recorders of 10 davs is insured
by 12-volt power packs with a capacity of 300 amp-hours (under the condition

that 80% of the initial storage capacity will be used).

This type of

power pack can be arranged by using six NKN-100 batteries with a total

weight of 300 kg.

AS a result, taking into account the remaining.equipment

of the observation station (the selsmographs, seismic cradle, and so on)
which is widely used in the geological service, can transport the equipment
for only two observation stations at a time,
this parameter alone, the indicated equipment cannot satisfy the require-
ments placed on the deep seismic sounding operations in inaccessible areas,
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for the time required to equip 10 observation stations runs into several
days during which the recorders will operate at idle.

The recoder of the "Mars-66" equipment which best satisfies the basic
requirements, has two deficiencies; it only has three seismic recording
channels and a short autonomous operating reserve (about 1 hour) requiring
the presence of a duty operator at the observation station to switch on

the recorder directly before the blast and switch it off after making the
recovding. It must be noted that it includes a radio receiver which
receives the time mark signals over a long wave or short wave radio channel.
The time marks have the following structure at the receiver output: second
marks are represented by single pulses of 0.1 second duration and an ampli-
- tude of 8 volts; minute marks are made by double pulses of the same type
and the hour marks, by triple pulses. For the longer time marks the
recorder has a quartz-stabllized oscillator, the signal from which is
recorded by one of the service channels. The second service channel is
used to record the time marks received by radio.

In the USSR an effort has been made to use radio telemetric equipment to
build equipment for the deep seismic scunding method [34, 35]. This equip-
ment was created at the Darth Physics Institute of the USSR Academy of
Sciences. One set of it includes seven portable field units, each of

which transmit information from three seismic channels, and the central
rvecording station with a 2l-channel recorder. However, this equipment has
not found broad application in the deep seismic sounding method as a result
of limited range (20 km) using the ultrashort wave radio channel. The other
radio wave bands do not insure the required carrying capacity of the radio
telemetric channel; therefore the application of radio telemetry and the
equipment for deep seismic sounding is not prospective.

An American patent is known [143], proposing a procedure and a device for
recording the seismic signals by radio-controlled distributed single-channel
magnetic recorders. The system includes a radio transmitter which transmits
commands to the blast point and to the recorders. The radio recelver at the
blast point starts the reel-to-reel magnetic recorder, which records the
time signals transmitter on one channel, and on the other, the signal from
the seismic receiver installed at the blast point.

The radio receivers with which each recorder is equipped, switch the recorders
on., Then signals from the selsmic receiver are recorded on one :channel,

and the time signals on the other. The successive blasts are recorded

one after the other along the length of the magnetic tape. The field
recordings on the base device are copied alternately on another magnetic
carrier on a drum insuring matching with respect to the blast times or other
marks, correction of the speed of the field tapes and suppression of the

noise caused by nonuniformity of movement of the magnetic tapes.

All of this is primarily designed for the construction of a seismic explora-
tion station without seismic cradle, that is, each seismic channel must
be autonomous, it must have a radio receiver, decoder and tape drive
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mechanism. From the point of view of the requirements on the deep seismic
sounding equipment, this solution is inefficient, for the cost of the
equipment and the total mass calculated for onme seismic recording channel
are increased.

It must also be noted that the autonomity of each seismic channel leads to
— the highly labor-consuming subsequent operation of reproduction.

In addition, the proposed remote control system will have ingufficient
noiseproofness inasmuch as it is proposed that one attribute -- the presence
of a signal of defined frequency at the output of the radio receiver —- be
used to switch on the recorder, The further experience in the development,
operation and maintenance of radlo remote controlled equipment has shown
that such simple measures are inadequate to insure the required noiseproof-
ness.

Thus, the analysis of Soviet and foreign equipment for similar purposes
indicates that the enumerated requirements will be most completely met hy
radio remotely controlled autonomous seismic recording equipment with
magnetic recording (see the description in Chapter TIII).
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CHAPTER II. TItEORY OF SEISMIC SOUNDING

As has already been noted, seismic soundings to study inaccessible parts

of Siberia have been developed in two versions. In the first of them,

which initially arose as a simplification of observations by the refracted

wave method (MPV), a study is made of the refracted waves in linear and

spot soundings. This version [79, 80] has found application in studying

the basement of the Western Siberian platform in the Tyumen' Oblast. Another
-version called the method of arbitrary spot (differential) sounding systems

[98] 1s based on reflected and refracted waves using special time fields

for interpretation. It is used both when studying the basement of the -
platform regions and the entire earth's crust and tops of the mantle.

§1. Properties of the Spot (Differential) Sounding Systems -

In reconnaissance prospecting seilsmic research relatively simple observa-
tion systems are used. A study is made below of the general properties
of the spot seilsmic observation systems. The problems of their practical
realization are discussed in Chapter IV.

Sounding

The simplest seismic observation system is sounding made up of the source

(0) and the receiver (S) of elastic oscillations (Fig 9, a). The source

and the receiver are separated from each other by some (optimal for record-
ing the investigated waves) spacing £ called the sounding base. The informa-
tion about the kinematics of the wave field obtained by one sounding is
exhausted by the wave propagation time (t).

The sounding for monotypic waves does not have polarity; therefore the source
and the receiver can change places, The propagation time of the monotypic
waves does not change from this conversion.

I1n practice it is expedlent to have a linear or area type installation of
selsmographs at the reception point. This makes it possible to determine
the regularity of the waves and their apprent velocities, which is important
for wave correlation. The sounding with a distributed receiver is called
differential sounding. -
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The sounding position in the observation plane is determined by the
coordinates of the central point of the base m and the angle 6 formed by
the sounding base with some fixed direction. Foxr observations along the
profile with which the x-axis is usually matched, it is sufficient to
indicate the x-axis of the point m.

1+ o-—c———-r—-v--—o—-o--—a
t _o__z‘__,._o-—-o—n E ]
1

. m 8 Hanpaenenue (1)

t+—t
T THT T /[

Figure 9. Spot observation diagrams

Key:
1. ascending direction

Any seismic observation system (continuous or discrete) can be made up of
the soundings, just as the simplest elementary systems. Let us first

= consider the properties of a single sounding, limiting ourselves to the
most widespread cases of recording reflected and refracted (head) waves.

It is impossible to study the seismic observation systems separately from

a model of the medium approximating the actual geological section. As the
model let us take a two-layer medium with plane boundary at a depth zp

under the sounding center, with an angle of inclination ¢ (Fig 9, b).

The elastic wave propagation velocity in the upper layer (v) and along the
boundary (Vboundary) are constant. The condition of constancy of the
parameters V, Vpoundary 2nd ¢ is introduced only for the local section occu-
pied by one sounding. ~Therefore in the majority of cases this approximation
is suitable for studying media with curvilinear interfaces and variable

wave propagation rates.

G. A. Gamburtsev [20] introduced the concepts of complete and incomplete
selsmic observation systems. The system is considered complete, by the
data of which a unique determination of all of the unknown parameters of
the model of the medium is possible. If the .observation system is inade-
quate for the unique solution of the problem, it is incomplete.
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Only one value of the arrival time of the Investigated wave 1s measured by
a single sounding. Consequently, the sounding can be considered a complete
system only in cases where the number of unknown parameters in the
approximating model is no greater than one, For the adopted two-layer model
the sounding is an incomplete system, for the number of unknown parameters
reaches three in the case of observations of reflected waves (zm, ¢ and v)
and four when recording refracted waves (zp, #, Vv, Vboundary). Let us
investigate the problem of ambiguityl of the determination of the depth of
occurrence of the seismic boundary by the data of one sounding when the
values of the velocities and the slope angle are given with some error.

As bhe measure of the ambiguilty we shall consider the magnitude of the
error at depth occurring as a result of inexact assigmnment of the remaining
parameters of the medium.

Let my, my and meoundary be the errors of the parameters ¢, v and Vypoupdary:

Then the error in depth as a result of inexact assignment of each of these
parameters will be equal to the following respectively:

d:
(my)g = # Mg,
d:
(my)o = 35 my, (iL1)
dz
(m ) ==y
- Key: 1. boundary z{{) dv, 0t

where z is the depth along the vertical at an arbitrary point of the sound-
ing base, that is, z=z(x), 0gx<l.

In order to find the derivatives it is necessary to have the functilon z(x)
of the parameters of the medium., In the known hodograph equations for the
two-layer model let us express the depth h with respect to the normal to
the boundary under the oscillation source in terms of z(x), considering the
angle ¢ positive in the direction of dronping of the boundary;

h =z(z) cos ¢ — z sin Q. (11.2)

For the cases of reflected (tpof1) and refracted (t ) we obtain,

respectively:

refr

t‘g-p)= —:— l// 4 [z (z)cos @ 4+ (% — a:) sin <p]2 ‘-l— 12 cps“ P, (11.3)

2cogi

t,z%):_ > [z (z)cosp 4 (-%— ~ a:) siu ‘P] - ”LF cos @, (11.4)

Key:.. 1, refl; 2. refr

IThe velocity (v, Vboundary) and the angle of inclination of the boundary

are differential parameters; therefore the problem of determining them'is

naturally solved not by the data from-a single sounding, but by a system
. of soundings when measurement of the time gradients is possible.
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where i=arc sin V/Vboundary'

Trom equations (II.3) and (II.4) we find the necessary functions:

2(z) = (z———tgtp-l———l/ Yo 3| (11.5)

cos? @
-t S | I
z2(z) = (:z )tg @+ Sossicos 72 tgi. (11.6)
After differentiation of equations (II.5) and (II,.6) and simple transforma-
tions we obtain the following expression for the relative errors in

determining the depth at an arbitrary point of the sounding base.

. In the case of reflected waves:

m x 2
2o e+ o o

my, [, Bym (17
e ) ’

In the case of refracted waves:

e 12 _ ) secto + (14 =t 1) tg ] m, .

m 2;
e _ 7 geers . (ILg)

m

( z)ur (2: —tg l) —or tg i
From the formulas obtained for (i), it follows that the effect of the error
in the slope angle depends on the ngsition of the point x at which the

depth is calculated. The form of this function is determined to a great
extent by the initial information about the slope of the boundary. Two

cases are possible. In the first of them the sign of ¢ (the direction of
drop of the boundary) is known in advance. In the second case which is

more widespread in practice, the direction of the drop is unknown. The

slope of the boundary usually is a sign-variable function; its most probable
value can be assumed to be zero. This assumption leads to an error in giving
the slope angle equal with respect to magnitude to the first slope (m¢=¢).

Let us consider the first case. Let us orient the x-axis in the drop
direction; then the angle ¢ will always be positive. From the first
equations of the system (II,7) and (II.8) it follows that on the profile

a point xopt exists, at which @mz) =0, that is, the depth z(xopt)Ais found
uniquely. For reflected waves

2
Zonr =5~ [1 - (1 + Zi?) sin 2cp], (1I1.9)
m
® . . -
Key: 1. opt
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for refracted waves

l :m l .
%M:T{i———1+wdglmnm} (11.10).
o[ )

Key: 1. opt

The point %, is always shifted from the center of the sounding base in
the ascending direction of the boundary. The magnitude of the shift
increases with an increase in slope and with sufficiently large angles the
point Xopt Can go beyond the limits of the sounding base (see Fig 10),

In the second case where the direction of ascent (the sign ¢) 1is unknown,
the error (mz) cannot be indicated uniquely. Therefore it is expedient
to consider the maximum value of the modulus of this error in each point
of the sounding base to be maxl(mz) I. TFor the reflected and refracted
waves considering the fact that m¢=$,'we shall have the following
respectively:

max |(m,) | _ z 1 . !

Zex (i -[z*:, —ia'sec’cp-,-(1+4—zg—n)tglq’|]|q’l,‘ (I.41)
max|(mo] |} = ! ; . '
o e (e wlel el

At the center of the sounding base (x=£/2), the investigated functions
have a minimum value which increases with an increase in the slope angle
of the boundary (Fig 10, b). Consequently, in the given case the central
point of the base is characterized by the least ambiguity in determining
the depth. This characteristic has important significance in sounding
theory.

As a result of investigation of both cases it is possible to formulate the
following sounding property. The ambiguity of the determination of the
depth caused by inexact assignment of the slope angle of the boundary is
different at different points of the sounding base. In the general case
where the ascending direction of the boundary is unknown, the center of

the base 1s characterized by minimum ambiguity. If the ascending direction
is given, then there is a point on the profile at which the depth will be
found uniquely.

The second property of the sounding following from equations (II.7) and
(II.8) consists in the fact that the ambiguity in determining the depth
at any point of the source-receiver interval increases with an increase
in the sounding base. The errors (my)4 and (mz)V in the case of reflected
waves are proportional to the square of the base, For the refracted waves

. the values of (mz)¢ and (mg), are proportional to the base.
boundary

30
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

- FOR OFFICIAL USE ONLY

Consequently, it is necessary to strive to use soundings with the least
possible distances between the source and the receiver of the oscillations.

rr::)g,, a B 2t b
%) LM

30 4

Figure 10. Indeterminacy in the depth of occurrence of the
reflected (1) and refracting (2) boundaries caused
by the effect of the slope angle %/2zp=5, i=50°.
The ascending direction (m¢=2°) is known (a),
unknown (m¢=¢) (b).

The practical importance of the last condition can be illustrated by the
following example. Let us compare the errors in determining the depths of
occurrence of the foot of the earth"s crust under the conditions of
platform regions (z=40 km, ¢=0) according to the sounding data using
reflected waves with bases of £1=200 km (transcritical reflections) and
£2=100 km (reflections near the critical angle) with fixed error at a
calculated velocity v. Using the second equation of systems (II.7), we
find the magnitude of the error ratio for x=4£/2:

A -_-l‘z-———?" +i ~28.
(mz)ﬂn 42%" + l%

Consequently in the given example, decreasing the base from 200 to 100 km
leads to almost trivle decrease in ambiguity,

The depth error as a rasult of inexact assigmment of the velocity in the
covering medium in the case of refracted waves (see the second formula

in system (II.8)) does not depend on the size of the sounding waves and
is identical in the entire source-receiver range.

31

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

In practice by the sounding data it is expedient to determine not the
vertical depth z, but the depth h along the normal to the boundary, for
the value of h is more resistant to the effect of the slope angle of the
boundary, especially for relatively small bases, It is possible to be
convinced of this, in particular, by comparing the corresponding crrors

In the values of z and h at the central polnt of the sounding base. In the
case of reflected waves:

lﬁ
— | tgpm
(mzm)w =Zm (1 + 412,“\) g Biter
B
=z 5 singm
(m’hm)w - z"‘[iziﬂ SIn @liar

4im +1

4 — -]
('"zm) By
m, cos

m; 9

For the head wave:

o =lon+ )

(nlhm)q; = ——12— tg isin g,

. .

m 27 gttt

___Zm = >1'

my cos @ .
m/e

Sounding Systems

The sounding systems can be profile and area systems. In the first case
the sources and the receivers of the oscillations are on one straight

line; the position of the interfaces and the velocities in the plane of

the seismic beam are determined by the data obtained. 1In the latter case
the differently oriented soundings are in the observation plane; the spatial
distribution of the depths and velodities is determined.

The profile systems are conveniently connected in the coordinate plane

x, %, directing the x-axis along the profile line. The scale of the
distances along the vertical axis is taken half that of the horizontal axis.
The sounding with the base %; and the x-axils of the center of the base x

in the x, % plane correspondings to a point (see Fig 9, c); the sounding
system corresponds to the set of points, The sounding edges at which

the source and receivers are located on the intersections with the x-axis
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of the straight 1inei drawn from the point Xys ¢ at an angle of 45° to
the coordinate axes.

Let us proceed to the problem of the complete sounding systems. Let us

_ find the systems, by the data of which all of the unknown parameters of
the two-layer model of the medium with a plane inclined boundary and with
constant values of the propagation rates of elastic waves in the section
of the investigated system can be determined. First let us consider the
profile systems.

Let us stipulate that the arrival time of the wave pertains to the center

of the corresnonding sounding base. Let the sounding center with the base 2
be located at an arbitrary point of the profile x with a depth of occurrence
of the seismic boundary z,. Using formula (II.3) for the reflected wave,
let us determine the derivatives dt/dx and dt/d?. Tor calculation of the
derivatives dt/dx, we consider that dz/dx=tg ¢. As a result, we have

three independent equatioms for the given profile point:

3

C = (TI_ = -UTt'Sln pcosq, (II.13)
i .

(11.14)

u=V—-. —_—tim
] i
N (6~ i)+ L

Consequently, for the reflected wave the complete sounding system must pro-
vide for the measurement of three values at the given profile points:
the time t and its gradients dt/dx and dt/d%.

Here hp=z  cos ¢.

The simplest system satisfying these requirements is made up of three sound-
ings. Two of them must have different bases and a common center, and the

1The discussed method of depicting sounding systems is similar to the
"expanded profile" procedure used in seismic explorations [109], which
is a version of the generalized observation plane introduced by

G. A. Gamburtsev [19].
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third, with the same base as any of the first two, must be shifted along
the x~axis (see Fig 9, d, soundings 1, 2 and 3), Making the transition
from differentials to finite dncrements, the data of this sounding system
can be used to determine the necessary time gradients.

L= t(z - Az,l) — tg (=, 1)
- b ' (IL.15)
_ t i) —t(z, ) '
==

In the general case where it is necessary to investigate a profile of some
extent, the system made up of the number of soundings with two bases
£ and 2+A2 located with defined density alomg the profile, will be complete.

For refracted waves under the same conditioms for an arbitrary point of the
profile we obtain the following system of equations:

T, \
t=(2zm l/ u_a_g'i"—v? €os 1,

(=22 ‘/T‘ —Jsing, (IL.16)
r
_dt _eme
"= =5

It is impossible to obtain a larger number of independent equations, for
the derlvatives of the second and higher orders for the investigated model
are equal to zero. The number of unknown parameters in the case of
refracted waves is equal to four (the value of Vboundary is added). There~
fore the complete profile of the sounding system using refracted waves
sufficient for finding all of the unknown parameters is impossible to compile.
The problem becomes resolvable if one of the parameters is given. Usually
the velocity in the covering layer v is considered known. Then from the
equations (II.16) the remaining three unknown parameters are determined,
that is, the system becomes complete. In this case the solution has the
form:

{
%=ﬁEWJWM—M%24

@ = arccos 4, (11.17)
" |
where Ty )

‘ z
A? = _%_[1 - _Z_vzgz + V(1 ot — %—v""t,”) — 4uiy? ]

Here, just as in the case of reflected waves,

B = Zp €OS Q.
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The requirements on the complete profile system of refracted wave soundings
and its practical realization are the same as in the case of reflected
waves, The difference is that for refracted wave soundings one of the
parameters of the medium must be known,

Let us proceed to the area sounding systems and a three-dimensional model
of the medium. In this case for refracted waves the two<layer model is
characterized by five parameters: the depth of occurrence (zm), the true
slope angle (¢), the dip azimuth (¥) of the boundary and the velocities

v and Vpoundary- For reflected waves the number of parameters is reduced
to four (zp, ¢, Y¥v).

Let us find the complete sounding systems by which all of the parameters

of the medium are determined at some point m. Let us consider the system
made up of soundings, the bases of which are located along two straight
lines x7 and x;. passing Ehrough the point m at some angle 0 to each other
(see Fig 9, e).  Let the xy axis be oriented at an angle ¢ to the direction
of drop of the boundary.

The apparent slope angles of the boundary ¢ 7 and ¢y in the planes of
the :seismic beams corresponding to the directions xj and xyy are related
to the true slope angle ¢ by the known [88] expressions

sin @,1 = sin ¢ cos ¥,

sin @uyr'= sin @ cos (¥ 4 6., (I1.18)

We shall express the depth of occurrence of the boundary at the point m in
terms of the depth (z; and zyy) in the planes of the seismic beams:

2y €08 Ppr 211 COS Qpry

= S L, (11.19)
hence . d:m _ sin Pl
ey (11.20)

92y _ S0 ury
dzyy c0s ¢

Let the sounding centers oriented in the direction §I and % I be located
at the point m. Considering expressions (II,19) and (II,20) let us write
the expressions for the time of arrival of the reflected wave and its
gradients, For the direction §I we have;
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i = "%" V 47'1211 cos? Q-+ [* cos? Pu1y

dty 4z sing,
b= d5 = _L"_vft?___cos ?, (Ir.24)

dty 1 2
N = o I—}TI-[ CO8° @y1.

For the direction %II:

by = % V 4z cos® g - I2cos? quy; ,

dt 4z sin
11 Prir
{n= Ty = ———————”‘v,ln oS

' (I1.22)

l
I = —— = —— 052
n l Vit (PIAII'

The angles ¢ 1 and ¢y 17 are gilven byrexpressions (II.18).

From the six equations (II.21) and (II.22) for determining the parameters

of the medium it is sufficient to take any four. Correspondingly, the

area sounding system using reflected waves permitting us to find any four

of the six values (tf, Nrs C1s tr1s &yys nNpp) in the lefthand side of

these equations will be complete. It is possible to compile several vers'ons
of the complete systems. For example, by using the expressions for

t1, CI»>: N, t17» ) Ngs we obtain:

!
Zy=C
m l/C—-Qf—l(B—-cosG}’cosec"*e'

9= arcsinl/ Q%l (B —cos 0)¥cosecd§ 4- 1

2 1
ti+c ! (I1.23)
Y = arctg (B cosec § — ctg 0),
=1/ —
where e (€ 4 ¢
B= Lt

TR C = dny (t; — Iny).

In the case of recording refracted waves for the area sounding system it is
possible to write the following six equations:
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1 1 l \
t1=22ml/—v—a—?cos¢p+;—coscpm,
r r

=gt =2 'I e ELL I (IL.24)
Nt = "fd‘T[ == c()‘l%,_

iy = 224 l/_:i:%cnstp — 5—P COS @y,

tu = ;‘LII! =21/ & —Lsingan, (11.25)

r
dtpy _C0sQyqq

rd

For the complete solution of the inverse problem of interpretation in the
investigated case of the refracted waves it is sufficient to have five out
of the six existing equations. Consequently, in this case it is possible
to compile several versions of the complete area sounding systems. In
particular, for the sounding system which permits us to find values of

t1, o1» ni, LI1s Nipo the parameters of the medium can be calculated by the
formulas:

. . (tl"l"h) BE
o ]/ Fsin*0 — E (8 + Uy — 20ty c0s)
E(y2 2 . ot.r
@ = arcsin ‘/ (ti +<i{;3inz émlcos 0),
= arctg ﬁlwwcﬂ—cme, ‘
! i (11.26)
[ PE .
"=V lasilo) .
V F(E.{-TD)
/D
Ur::"/ —_,

where the following notation is introduced:for short:

D=th—t} E=ni—nh, F=Cni—tink

The velocity in the covering medium (v) by the data from the area sounding
system using refracted waves can be determined if the slope angle of the
boundary is not equal to zero and the lines xy and Xy are arranged
asymmetrically with respect to the direction of drop. The problem of
observation systems obtaining hodographs providing for determination of the
velocity in the covering medium by the refracted wave data was investigated
by Yu. V. Riznichenko [103]. He obtained the solution for the special
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- case of two mutually perpendicular profiles oriented along the strike and
across the strike of the plane boundary,

Sounding Systems with Joint Use of Reflected and Refracted Vaves

By the profile sounding systems using only one type of wave it 1s impossible
to obtain complete information about the medium: the value of Vboundary

is not determined by the reflected wave data, when recording the refracted
waves along, the value of v remains unknown. Complete information about the
medium can be obtained as a result of the joint use of reflected and refracted
waves from one boundary. Let us show that the corresponding sounding systems
can be quite simple,

Let the reflected wave (trefl) be recorded on the soundings 1, 2 and 3 (see
Fig 9, d). The parameters z, ¢ and v are found by the formulas (II.14).

In order to determine the missing parameter Vbhoundary it is sufficient to
supplement this system by one sounding with the center at the point x and
with the recording of the refracted wave (trefr)' We find the value of

z?%ugfiry from the first equation of system (LI.16) considering the formula

v (422 4 12, ) cos ¢

T —— - 11.27
- (_QF) taplopt + sz]//(4z,‘n +12,) cosi g — £ ( )
(1)

Key: 1. refracted; 2. boundary

In a number of cases the sounding bases using reflected and refracted waves
can be selected identical (Zrefr=lfef1=2)' Then in order to obtain all five

parameters of the two-layer medium, the same svstem of three soundings which
is used when recording only reflected or refracted waves is sufficient. The
calculation formula for Vboundary is simplified:

2 2
v = —imt )f‘” id (IL.27')
{3) (tfl{,l—{-zzm l/zg?,‘ tap

Key: 1. refracted; 2. reflected; 3. boundary
The performed investigation of the simplest snot seismic observations systems
Indicates that they offer sufficiently broad possibilities for determining

the elements of occurrence of reflecting and refracting boundaries and also
elastic wave velocities,
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2. Spot Observation Time ¥Fields

In the spot (differential) sounding procedure during interpretation it is
not the hodographs that are used, but special two-dimensional and three~
dimensional time fields [91], which are generalizations of the concept of
the seismic hodograph to the case of an arbitrary set of sources and
recelvers of oscillations. Let us consider the basic characteristics of
these fields, beginning with the two-dimensional case where the observations
are performed along the profile.

With respect to the data from the set of gsoundings with bases which vary in

some range, the field is constructed as follows: on the x, t plane the time t
. of arrival of the given wave with respect to each sounding pertains to the

center of the base (the midpoint of the corresponding source-receiver inter-

val). In interpolating between the individual values, a family of time

lines is constructed for a number of fixed values of the bases 9. The

family of lines obtained 2j=const, and the time field t(x, QJ) exist,l

In the case of reflected waves, the linear interpolation is more correct for
values of t2 and 2%; therefore it is convenient to consider the field
t2(x, 2%) constructed in semiquadratic coordinates t2, x.

The time field and the hodographs are different types of representation of
the kinematic characteristics of the seismic waves. There 1s a one to one
corresponding between them: having the time field it is possible to construct
the hodographs. The inverse transition is possible if a representative

- set of hodographs exists.

An example of the time field for four bases is presented in Fig 11, a.

Two counter hodographs (I and II) with excitation point O; and 0, are
indicated there. The corresponding field and hodograph points are noted.
In the time field the points are shifted along the x axils in the direction
of the source by an amount equal to half the blast-reception distance.
Matching of the mutual points of hodographs takes place. If we take the
times along a number of isolines at a fixed point of the orofile from the

1
field t(x, £;) of the reflected wave and construct the graph t(%) we obtain
the "hodograph" corresponding to the results of the observations by the
- known common depth point method.
Time Fields of Basic Monotypic Waves
- Reflected Waves. Let us consider the two<layer medium with constant velocity
in the upper layer, The reflecting boundary is given in the form of a
continuous curve having the equation z=z(x) in the selected arbitrary system
= lin addition to the investipated field t(x, %) other versions of the
generalized representation of the seismic wave kinematics are proposed
[871.
39
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of rectangular coordinates. On the curves z(x) let us select some
reflecting point M(xm, zm), the length of the normal at which (Fig 11, b)
is defined by the expression

N =z(x) 'i/l + (%)2,
d

where ﬁ =tgq;

¢ 1s the slope angle of the boundary at the point M(xy,, z_); & is the
distance from the source to the receiver (base length). The time t of
propagation of the reflected wave pertains to the point C' ~- the center
of the base.

The equation for the time field in general form in parametric form (the
- parameter xy) is written as follows:

~x'=x,,,+ztgcp+2—5iiﬁ,( N F PsinT g — N), |  (I1.28)
vi? =4 2N (V NEF Psin® ¢ + N), }

n

where N and ¢ are expressed in terms of z(x) and dz/dx according to the
above~presented expressions, if we set x=xp. In the special case of a
plane interface: z=zgtx tg ¢, the parameter xy is easy to exclude, and
the field equation is represented in simple form:

t=%4/ﬁw§m+4wﬂnm+%wum, (11.28")

where zg is the depth at the beginning of the profile (x=0). Or presenting
it differently,

¢ (‘z, )= —%— Véh” (z) + lcos® g, (11.29)

where h(x) is the depth along the perpendicular to the boundary drawn from
the point x.

Equations (II,28') and (IT,29) are approximately valid for the curvilinear
boundary if it is admissible to consider it locally plane in a small
interval between the perpendicular to the boundary drawn from the sounding

center x and the corresponding reflection point. An estimate of the extent
of this interval for the specific conditions is presented in reference [99].
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In the majority of practical cases the indicated assumption provides a
high degree of approximation. The slope angle ¢ pertains to the vicinity
of the reflection point,

Figure 11

1 -~ hodograph; 2 -~ lines %=const.
reflected wave time field equation (b).

Relation of the time field and the hodographs (a).

For derivation of the

a t b t R t 'd
T L=10km \
T=12xM
8
10 ¢ 1e8KM
2%
8 ]
6 —— 4
4 2
—_—
—_—0 ?
z z z 'z—ét zflz
YN
L2 A AYa A Av3 A X - A
\ \./ N4 2!
z z z . z

Figure 12, Time fields,
a ~- reflected wave from the horizontal boundary (v=const);

b -- refracted wave from the horizontal boundary (v=const,
Vpoundary-const); ¢ -- refracted waves at v=v(z);
d -- diffracted wave

41
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

The form of the time field of the reflected wave from a horizontal
boundary is illustrated in Fig 12. The lines %,=const are straight lines
parallel to the x~axis., The time intervals berieen adjacent isolines
with equal spacing of the parameter &y increase with an increase In the
base. The corresponding intervals between the field lines t2 (x, E?)

are constant. ‘

']

L=14xm
12
10
g
6

J 4
1\____2

&

z z 963 75 3 thrm
i 0
o
2"/5“‘ / .
"y 9220
_— /4 /

%

. , 4- .
/ 2 v* (l)
- z z

Figure 13. Wave time fields:
reflected (a), refracted for Vhoundary=const (b) and refracted for
v=vgtB (x sin ¢+z cos ¢) (c). So?ig Xines v=const, dashed
lines — v=v0(1+Bz).
Key:
1. km/sec

In the case of sloped occurrence of a plane reflecting boundary (Fig 13, a)
the field isolines (in addition to the lines 2=0) are distorted (hyperbolic)
and are inclined in the ascending direction. The amount of slope decreases
with an increase in the base, that is, the soundings with small bases are
characterized by the greatest sensitlvity to variation in depth,

The characteristics of the time field in the case of a curvilinear boundary
are characterized by an example for an anticlinal structure (see Fig 14).

) The field isolines are in the first approximation a mirror reflection of

i the relief of the reflecting surface, The anomaly in time corresponding

to the deep structure decreases with an increase in the parameter fs.

i For boundaries of concave shape with great curvature of the line £1=const

' form closed loops (see Fig 15). :
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Figure 14. Time fields of the reflected (a) and refracted (b)
waves for a model with curvilinear boundary
Key:
1. t, sec
2. km/sec
t -
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! 9 H z
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Figure 15. Time fields of the reflected waves (the case of
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loops on lines f=const above the concave sections of
the boundary)
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Figure 16, Time fields for the models of a scarp (a —- reflected
wave, b -— refracted wave) and vertical contact
(¢ ~ refracted wave). 1 -— refracted transmitted
wave, 2 -- refracted~diffracted; 3 ~~ diffracted.
Key:
1. t, sec
2. km/sec
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In the case of a scarp or fault (Fig 16, a) the lines £4=const lose the
discontinuity, the amplitude of which is maximum at %=0. The extent of
the transition zome in the discontinuity region where diffracted waves are
recorded increases with an increase in the base (the diffracted waves are
illustrated in Fig 16, a only from the upper edge of the scarp).

The horizontal velocity gradient in the covering medium with horizontal
reflecting surface leads to inclination and approach of the time field
isolines in the direction of increasing velocity (Fig 17, a). In contrast

to the above-investipgated case of an inclined boundary and constant velocity,
the time intervals between the isolines decrease with a decrease in time

for %3=const. The effect of the positive vertical velocity gradient is
opposite to the effect caused by the boundary relief (see Fig 14, a).

Head Waves. Let us make the assumption that the refracted wave slides along
the interface having the equation z=z(x). Let Ml(xl,zl) and Mz(xz,zz) be
the points of arrival and departure of the wave at a eritical line

i=arc sin v/vboundary‘ The values of x7 and x5 will be considered as

parameters. Then in accordance with Figures 18-19, it is possible to write
the following system of equations:

I=1z.tg(i — @) + 2z tg (i + @g) + 2, — 2y,

2=l + ok 0) =550 ) w30
. . L0 dz \?
vt=zlsec(z—¢1)+zzsec(t+q>2)+smtj 1+(E§') dz,

where the integral term of the last equation is the length of the arc
M. M
172

dz _ _di
tg g = (g;)x 18Py = (az),;

For a plane interface (z=zgt+x tg ¢) the field equation has the form
t(z, l)) = %(22o cosicos @ + I;sinicos ¢ + 2zcosising). (11.31)

or, in more compact form

- . " N l
tz, ;) = M -'*'T:L cos @, (IL.31")
A .

where
k(z) = z sin @ + z, cos .
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Figure 17. Time fields of the reflected wave for a model with

constant horizontal velocity gradient (a) and a
refracted wave with linear horizontal variation
of the boundary velocity (v=const) (b)
t, sec 3. Mnitial point
km/sec

In the special case of a circular boundary for the head wave the expression

can be proved which we shall

[59]:

where

present without awkward elementary calculations
t(z, z,)=k—v’r— 2ctgi+2i—A—B 4+

42, A+ B

AB—1 |

(IL.32)

-.aretg = arctg
i

z%-l-(;r.—-a:)’—-—z-

k3 [
~ sind i (z—-

x() and z( are the coordinates of the center of the circle (the origin of
the coordinates on the profile line), k is the curvature (a value which is

the inverse of the radius of the circle),

The sign of the curvature is

considered positive for a concave boundary and negative for a convex
boundary.
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Figure 18. Derivation of the Figure 19. Determination of the
equation for the head wave time apparent velocity by the time field.
field a -- hodograph element; b -- time

field element

In the simplest case of a horizontal boundary and constant velocities (see
Fig 12, b) the field isolines t(x, %4) are horizontal straight lines with
equal interval between adjacent lines (with a fixed increment of parameter
ﬂj). For an inclined boundary (see Fig 13, b) the rectilinearity of the
isolines and constancy of the time intervals between them are maintained,
but all of the isolines are inclined in the ascending direction of the
refracting surface. The rectilinearity of the isolines in the case of
sloping occurrence is disturbed in the case of the vertical velocity
gradient in the covering medium.

The effect of the curvilinearity of the boundary on the time field of the
head wave depends on the magnitude of the base. Let us consider this
relation in the example where the refracting surface forms an anticlinal
structure (see Fig 14, b). The isoline with the base which is closest to
the x-axis of the initial point (Xjpitial point) ¢oincides with respect to
shape in practice with the mirror reflection of the boundary relief. On
making the transition to isolines with parameter lj distinguished from
Xinitial point to the higher or lower side, the structure (its time effect)
initially is laid out and extended along the horizontal, and then it decays
into two fictitious "structures" similar with respect to shape to the one
which occurs for 27Xipirial points but with half the amplitude, The ficti-
tious structures are arrangeg symmetrically with respect to the true
structure. The distance between them increases with an increase in the
value of 24 =~ Xy;q¢1a1 point* The time field characteristics investigated
for the given example have a quite gemeral form in their qualitative form,
and they are caused by the fact that the Basic appearance of the under-
ground relief in the form of the lines %4=const is caused by superposition
of the effects of the variation of the boundary depths at the refraction
points of the seismic beam. If the horizontal dimensions of the structural
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forms are small by comparison with the sounding base, then each of them is
fixed twice: at the points of incidence and withdrawal of the beam, With
a decrease in the base, these points come nearer together; the fictitious
"structures" become nearer correspondingly, and they become superimposed.
For Q:xinitial point the investigated points in practice coincide, and the
corresponding field isoline approaches mirror similarity to the refracting
boundary, just as in the case of reflected waves.

The appearance of a fault in the refracted wave time field is investigated
in detail in reference [331. On intersection of the fault across the

strike (see Fig 16, b) a shift of the field 1solines takes place, the
amplitude of which is identical for all isolines and is equal to

(8z/v) cos i, where Az is the depth gradient, In the transition zone, the
extent of which increases with an increase in the base, there are refracted-
transmitted and diffracted waves. They correspond to the curvilinear lines
fy=const which depend on the mutual arrangement of the source into the
recelver. '

The characteristics of the time field of the head wave in the case of
vertical contact with the boundary velocity discontinuity are illustrated

in Fig 16, c. Above the section with reduced boundary velocity the times

for all the isolines and intervals between increase by identilcal amounts.

On location of the soundings near the contact between the refraction points
of the seismic wave, the lines 2i=const are straight lines inclined in the
direction of the medium with higher velocity, DNear the contact there are
discontinuities and overlaps of the isolines. The isolines of the diffracted
waves not shown in the drawing depend onm the mutual arrangement of the

source and the receiver.

For continuous linear variation of the boundary velocity (see Fig 13, b)
the lines %.=const become curvilinear and rise smoothly in the direction

of a decreaSe in velocity with a simultaneous increase in the intervals
between the isolines. The isoline with the parameter closest to the mean
value of the x-axis of the initial point has the minimum reaction to varia-
tion of the boundary velocity.

Refracted Waves. With an increase in velocity with depth by the law v(z),
using the known [20] expressions for a refracted wave, 1t is possible bo
write the function t(x, lj) in parametric form

Tmax @
= : . pv(2) dz
=2 j. Vi—pii()’
(I1.33)

Zmax

dz
t=2 05 v(z) VI= pho (2)' |
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where z . 1s the depth of maximum penetration of the seismic beam;
P=1/V(Zmax) is the beam paxameter,

The exclusion of the parameter from equations (II,33) is possible for the
specific laws v(z). 1In particular, for a linear increase in velocity
v=vg(1+Bfz), the followlng expression is obtained [20]:

(@ 1) = ponsh (1.3
Here v is the velocity on the observation surface, B is the vertical
density gradient.

For any law of increase in velocity with depths the isolines of the time
field of the refracted wave approach with an increase in the base (see

Fig 12, ¢). The isolines are horizontal straight lines; there is no
dependence on the x-coordinate, for the velocity varies only vertically.
The equation of the time field isolines for the refracted wave in a medium
with linear dependence of the velocity on the x and z coordinates, that is,
for the law .

v(z, 7) = vy + k(z sin ¢ + z cos @),

where ¢ is the slope of the velocity isoline; k is the velocity gradient
with respect to the normal to these isolins; vg is the velocity at the
origin of the coordinates on the observation surface, can be written in
the form [72, 90]:

kl .
iz, ;)= arsh : (11.35)

l/ (Vo + kzsin @) — sm’

An example of the time field of a refracted wave 1is presented in Fig 13, c
for the case of -linear variation of the velocity with respect to the x
and z directions. The field is represented by a family of concave curves
2j=const inclined in the increasing direction of the velocity isolines.

Diffracted waves can occur at sharp inhomogeneities usually coordinated with
the fracture zones. In the case of diffraction on a horizontal ridge for

a profile directed across the strike of the ridge, the function t(x, 24)

can be obtained on the basis of simple geometric arguments (see Fig 12, d):

SYRTEY LY/ - +l/zo+ oot ) |- @13%)

The origin of the coordinates is placed at an arbitrary point of the profile,
xp and z; are the coordinates of the diffracting object.
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The lines fLy=const are symmetric, they have a minimum above the diffracting
object. Each of them is the sum of two hyperbolas shifted with respect to
the diffracting ridge by the amount iﬂj/Z.

It is necessary to keep in mind that in a number of cases the form of the
isolines of the time field of diffracted waves can depend on the mutual
arrangement of the source and the receiver of the oscillations.

A further study of the properties of two-dimensional time fields t(x, &)
of reflected~diffracted waves was made in reference [39].

Time Field‘Gradients

The time field gradients are important characteristics of the time field
related to the parameters of the medium, Let us find these relations for
reflected and refracted waves in the case of the two=layer medium with
locally plane boundary separating uniform media and also for refracted waves,

The vertical gradient of the time field will be determined as a result of
differentiation with respect to £ of the equations (II.29) and (11.31"),
= (I1.33) or with respect to the equations (II.13) and (I1.16). 1In the case
: of reflected waves

d (t2) 1 2
RN [d (12) ]:=conat T 008", (11.37)
AN . cos @ ,
& = .
(dz )mom - 7 .)2 = (11.37')
. <lcos¢
For refracted (head) waves
d¢ 1
g =— . 11.38
(dl )r—-oonlt Yp 008 @ ’ . ( )
- In the case of refracted waves
g =, 11.39
( dl )x-eonnt—- v(zmu) ( )

From the formulas obtained it follows that the magnitude of the vertical
gradient depends on the values of the velocities v, Vboundary: V(Zgay) of
propagation of the elastic waves Inthe medium. The dependence on the

slope angle of the boundaries is weak, for the value of cos ¢ dn the formulas

(II.37) and (IT.38) differs little from one for the usually encountered
values of ¢.
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In the case of reflected and refracted waves we obtain the horizontal

- gradient by differentiation with respect to x of the expressions (II.29)
and (I1.31') taking into account that dh/dx=sin ¢ (considering the slope
of the boundary positive in the drop direction).

For reflected wave:

a{t?) 8h .
[ dz ]l':—-conul TR sne (11.40)
(ﬁt") = 1 sin @ (I1.40")
d == — ) .
Z J1=const » l//i + (ﬁ- o (p)z

In the case of refracted waves

(d‘ ) = 29! ging. (11.41)
I=const v

dz

From the formulas obtained it follows that the horizontal field gradient

depends primarily on the slope angle of the seismic boundaries. This

property is approximately valid also for refracted waves in the presence

of a horizontal velocity gradient where the equal velocity lines are inclined
- at some angle (Fig 13, ¢, [72]).

The apparent velocity is expressed in terms of vertical and horizontal
gradients of the time field. Let us consider the element of the hodograph
obtained in the section [%, 2+dx]. The source of the oscillations is at

the origin of the coordinates, the x-axis is directed from the source to the
receiver (see Fig 19, a). In this case

4 _th=—t

- dz
Uh . .

The location of the corresponding points in the time field is also illustrated
in Fig 19, a. It is obvious that

v dt R rde 1
tz N tl + (dl )x=conat rdz+ (E)&const E] dz.

Substituting this expression in the preceding formula, we obtain the desired
relation for the apparent velocity:

1 _ (4 L[ . (IL42
:E_(ﬂlmmn+2(“hﬂmu ( )

k
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For the apparent velocity in the opposite direction we have

1 (8 -4 (EL) (11.42")
T :""(dl w=const 2 \ 8% Ji=conat”

If the gradients are defined at the point x4, %; in the time field, the
obtained apparent velocities pertain to the elements of the hodographs
respectively at the points inlj/Z with sources at the points xjjﬂj/Z.

In practice, considering the time field in a bounded region uniform, it is
possible to convert from differentials to finite time increments and
distances from field points corresponding to one hodograph. For simplicity,
matching the origin of the x-axis to the investigated oscillation source

(01 1In Fig 11, b), we have the following formula for determining the
apparent velocity in the distance range [27, 9] from this source:

-y

W. " (IL42m)

Transformation of the Time Field with Variation of the Bases

- vy =

! This transformation, which is important in various steps of the interpreta-
tion, can be substantiated for refracted and reflected waves, and it is

- based on the fact that under certain conditions the time field of these
waves is determined by giving only two lines lj=const.

t tx,ly*al) lptal

tz-df, 1, A o tizedhory "
a 8 T l-al)
b

Un-a1
1

____._.;1 _.lc —
B LI = D_'_ lpal
|
L1 i z
; (t-L E.‘L"%‘
' *f o2

Figure 20. Substantiation of the transformation of the time
w field of a head wave with variation of the bases.
} a —- time field; b -~ observation system in the plane x, &.

- ~— 1initial point; 2 -~ points subject to determinatiom.
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In the case of refracted waves we consider that the seismic beam slides
over the boundary without penetrating into the depths of the refracting
layer (the overlapping hodographs for are parallel). The observation sur-
face relief and the veloclty distribution in the covering and refracting
media can be arbitrary. Let us demonstrate that under these conditions
the assiznment of two arbitrary 1solines of the field permit us to find
isolines with other bases with the interval A2 equal to the difference of
the initial bases. '

Let %, and fp+1=iy+dl be the parameters of the given field isolines. Let
us prove that for an arbitrary point of the profile x at the time t

(%, %5-8%) corresponding to the isolire f,-1=% -A% .is determined by the
values of the initial time at the points x-(1/2)A%, x and x+(1/2)4%

(Fig 20). Returning to the observation olane x, 2, where the lines % =const
have the shape of straight lines parallel to the x-axis, let us write” the
obvious equality expressing the property of parallelness of the overlapping
hodographs of the head wave:

t(x,zn+A1)—t(z~A—;, z")=z(x+%l, ln)—t(:l:, 1, —Al),

from which we obtain the desired function

t(z, I, — Al) = t(z——%l-, zn)+ t(:c—l——Az—l, zn)— t(z, I, + Al). (I1.43)

) Applying the relation found for a number of points of the profile, it is

- possible to construct the line %y~A%. Then, considering the lines &, and
2n-A% as the initial lines, we find the times for 2,-2A%. Continuing this
process successively, it is possible to reproduce the entire field in some
region in the direction of increase or decrease of the bases.

Designating for brevity the values of the times obtained when recalculating
the initial values of tp4] and t, for lower levels 5.1, 2p-9» B3 eee En-k
by tp-1, tp-25 t IETEERER tn_k, as a result of the successive application

of formula (II.AE) we find:
Al

et (@) = b (2= 57 ) 4 ta (3 4 5) = tuaa (2,
boa(®) = ba (3= ) + ta () Hta 5+ 27)
—tapi (2= ) = tans [+ F),
. tn_a(z)=tn(x—s—i—’)+tn(z—%)+tn(x+i§i’)+
(243 %) —tapy (z -2 %) — bt (%) — tugs (a: + 2'%’-),
]

h—{
ton(2)= D taz—(k—2) AL = tass [z — (— 27 — 1) A
(@) 2 [x ( 2,)2] 2 +t[x (k— 2j 1)~2-[. (I1.44)
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It 1s posslible analopously to obtain the corresponding expression for
recalculating the times ty-1 and t, in the direction of increases bases:

k

toyn (z) = 2 tn.[:c — (k—2j) %i] —

k:“l Al
3ty [z (o 2 — 1) —2—]. (I1.44)
j=0 .

=0

For each act of recalculating the time field of the head wave the extent of
the isolines obtained is reduced from both edges by the amount A2/2.

The recalculation of the time field of reflected waves is possible under more
rigid restrictions: i1n the case of a plane observation surface, locally
plane boundary and constant velocity in the covering series. Under these
conditions the time t3(x) corresponding to the arbitrary base %3 is found by
the two given lines tj(x) and t9(x) with the bases 21 and 2, [90]:

#5(z) = & (z) + —ﬁ’—:—? @ —d@] - (I1.45)
2 i .

In the special case where 23=0 and t3-t,, we obtain the formula for the
recaleculation to the line tq(x):

12t3 (z) — 132 (=)

145"
12— ( )

1§ (z) =

Reduction of the Time Field to a New Observation Line

The investigated reduction can be carried out for waves of any type if the
structure of the medium between the initial and the new levels is known.
The essence of recalculating the time field to the new observation level
consists:in the fact that the angles formed by the seismic beam with the
day surface and the source and receiver points are located with respect to
the initial field. Then by the laws of geometric seismics, the beam tra-
jectory before intersection with the selected reduction level is restored.
The source and the receiver are converted to the found intersection poiat.

Let us consider the sufficiently general case where the medium between the
observation line and the reduction level consists of an arbitrary number of
layers with curvilinear boundaries and a velocity which is variable along
the vertical. Using the known [20] expressions for the medium with vertical
velocity gradient, we find the horizontal shift 4x and the time At of the
path of the beam in each layer (Fig 21). TFor the n~th layer we have:

h
A > P, (2)dz
To = j‘—:——__._,
)V 1— 22 ()
n

h,

i At = j‘ dz .
1 J v )/ 1—p22()
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The origin of the coordinates in each layer refers to the point of entry

- of the seismic beam into it. The parameter Pn 1s equal to sin iOn/VOn'
The angle 1, for all layers, except the first, is determined from the
refraction law;

. b sin (l —1+9,)
i = arcsin —B——nr Bzt = T/
o Py (hny)

@ (I.47)

In the presented expressions hy is the vertical projection of the beam tra-
jectory in the given layer, Vn—l(hn_l) and Vg are the velocities at the
foot and in the cover of the layers respectively with the indexes n~1 and n.
The remaining notation is clear from Fig 21,

The angle ig] of approach of the beam to the observation line is found by
the formula

igy = arcsin —9 _
o a2 —en  (L4Y

The value of the apparent velocity vy is defined in terms of the vertical
and horizontal time field gradients (see II.42),

Figure 21. Substantiation of the transition to the new observation
level.
I -- observation-line; II -- reduction level,

Applying formulas (II.48), (II.47) and (II.46) successively, let us
calculate the values of Ax and At in all layers (beginning with the first)
for the beam reaching the point S, The values of Ax! and Ael are found
analogously for the beam emerging from the source 0, For reduction of the
sounding OS to the new observation line (01S1) the time must be changed

by the amount
AT = — (P At + JAn),
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the sounding center is shifted along the x-axis by

Aa:=%(2 A:zf.—ZL\zn),

and the sounding base is altered by the amount

_‘ AL=— (¥ Az, + L\x,&).

The summation is carried out with respect to all layers between the initial
arid the new observation lines, The values of Ax and At are positive on
recalculation downward, and as they are negative on transition to the
observation line above the initial level. The corrections AT, Ax and AL
are calculated for the required number of points of the initial time field;
the new field is constructed by the corrected values.

Instead of the calculations by formulas (II.46) it is possible to use the
radiation patterns for the given laws vy(z). In the special case where the
velocities in each layer are constant and the boundaries are curvilinear,
equations (II.46) acquire the form:

Az, =h,tgi .
A (I1.46)
— n__. .

Aty = v, cosi,

Still greater simplifications are obtained in the case of the horizontally
stratified medium:

h_ v )
A.‘Cn = ; L,‘,’
V Y —n (11.46”)
Mty = —h
ton) i

Here vy 1is the value of the apparent veloclty at the intersection point of
the day surface by the seismic beam,

Appearance of Surface Inhomogeneities in the Time Field

We shall consider the travel time difference of the wave in the presence of
a surface inhomogeneity and without it with unknown position of the source
in the receiver as the surface distortion, In the latter case the upper
- inhomogeneous part of the section is replaced by a homogeneous medium with
' the same velocity as in the underlying rock. On the different field isolines
; the influence of the surface distortions turns out to he distributed
! differently.

Actually, we have two field isolines t1(x) and t,(x) which correspond to
the bases £ and %,. At an arbitrary point of the profile x the time ty (x)
will contain the effect of the inhomogeneities at the points x—21/2 and
x+21/2 where the corresponding source and receiver of the oscillations are
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located. The value of tp(x) will be distorted by the inhomogeneities at the
points x-%3/2 and x+&,/2. Consequently, the time distortions ty(x) and ty(x)
can turn out to be different with respect to magnitude.

i
e
__/’\\__________//\\__h
VRN SN s
e -4—1,?——-
.___/\./\_.____Le
S\ vo
[T —
™ z
// u
b \ /

Figure 22. Appearance of the surface inhomogeneities in the
time field
a -~ time field; b -~ section and beam diagram

A characteristic example of the appearance of the surface inhomogeneities

in the time field is illustrated in Fig 22 for the case of relatively simple
structure of the medium and reflected wave soundings. For 2#0 the section
with low velocity vg is intersected by the seismic beam twice for different
positions of the sounding center. On the lines 2j=const two anomalies in
time are recorded which are separated from each other by a distance close

to the corresponding value of 4. '

- In practice the values of the velocities in the upper nonuniform layer
(in the low velocity zone and for operations by the deep seismic sounding
method, in the series of loosely compacted sediments) are usually significantly
less than in the lower medium; therefore it is possible to neglect the depen-
dence of the surface distortions on the angle of approach (exit) of the
seismic beam at the foot of the nonuniform layer. Then each point of the
profile in which the source or the receiver of the oscillations is located
can be assigned some magnitude of the distortiom ¢(x) which does not depend
on the sounding base. Under this condition the equation of the field iso-
lines with the paramter % is written as follows:

. ! Y (149
@ =5 @ +8(s— ) + 8=+ 4) (149
where t'j(x) is the undistorted time,
In the special case where the function §(x) is linear, the distribution of
the time field distortions does not depend on the magnitude of the sounding

bases. All of the isolines will be distorted identically.
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Peculiarities of the Time Field with Area Observatdions

If the set of soundings with the bases which vary in some interval is
placed in an area (in the observation point %, y), then, just as before,
referring the times to the centers -of the corresponding soundings, it is
possible to construct a number of isochron maps for fixed values of the
bases Ej. As a result, we obtain the surface field t(x, y,ij). Let us
consider its peculiarities for the reflected and the refracted waves.

The surface time field is nonuniform, for the time of arrival of the wave

depends on the azimuth ¢ which will be reckoned from the direction of drop
of the boundary (see Fig 9, d) for soundings with fixed base and invariant
position of the center.

Tn the case of reflected waves

ty= -:-V 4h® + I} (1 — sin? @ cos? ), (11.50)

where ¢ is the total slope angle of the boundary; h is the depth along the
normal to the boundary at the center of the base.

The minimum time will be obtained with orientation of the sounding base
across the strike of the reflecting surface

t, =LV Eeost g, (11.50)

the maximum time will be obtained for the strike direction
e A (11.50")

From the preceding three equations it is possible to derive the following
expression:

15 =t} cos? y + 1% sin?y, (I1.50")
permitting the required calculation of the fields. This expression can also
be interpreted in the sense that the spatial time field of the reflected
wave is characterized by two functions: t,, (x, y, £;) and b, Y, ).
Knowing these functions when solving the dlfect problem, it is possibie to
construct the field twj(x, ¥, %3) for the given arbitrary orientation of the
individual soundings in accordance with the transformation (II,50'").

The ambiguity of the field t(x, y, %,) at each point of the observation
surface can be characterized by the éifference between the maximum time

and the time for orientation of the sounding at the arbitrary azimuth ¢
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' T . .

Aty =t, —ty=1] 1—]/1-— - sin® geos? § <<
1458
i

<ty (1 =Y 1—sin? g cos® P).  (11.51)

The time difference is maximal for soundings which are located along the
strike and across the strike:

Atmnxstﬂ—tl=t| 1_]//—1—‘

1,‘h, sin® qa)<_ ty (1 —cosq).

1+ —
i
(1L.51")
Analogous relations for the head waves have the form:
R — o
to= Z’-'ivcs—i + LV 1—singcos?y, (11.52)
T
!
1 =2SL 4 L cos, (11.52)
B r
2k i l =0
‘g = i"s + U_f (11.52")

The corresponding relation between the times is expressed by the relation

‘ 1, T \¢ T,\2 ‘ ’
t*':"—‘vf‘*"/(v—!,) sin2\p+(tu —h+7’) cos? ¥, (11.52")

%n thcla given case the value of R’j/vboundary enters into the time conversion
ormula.

For the time difference Atw and Atmax we have:

Aty=1t) —ty= %(1 — Y T= sin? ¢ cos? p), (11.53)
C T BMgm=ty—t, = -L(1—cosq). (I1.53')
r

The ambiguity of the surface time field increases with an Increase in bhe
slope angle of the reflecting and refracting boundaries, Fer ¢=0 the field
is unique. By formulas (II,51') and (II,53'), it is possible to estimate
the degree of ambiguity for specific conditions, The extended seismic
boundaries in the earth's crust usually have small slope angles measurable
by the first degrees. Therefore for deep seismic studies in the majority
of cases it is possible to neglect the dependence of the time on the sound-
_ ing azimuth. If the slope angles are large, the effect of the ambiguity
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of the time field can be excluded by reducing the time to some defined
direction, for example, the strike direction. In this case the corrections
to the observed values of the times are calculated by the formulas (II.51)
and (TI.53), The azimuths ¥ required to calculate the corrections are
determined by the isochron maps or by the structural maps constructed in
the first approximation without considering ambiguity of the field.

For a complex structure of the medium, the necessity for comsidering the
ambiguity of the field t(x, y, &) caused by an anisotropy of the velocities
can occur. The effects caused by the dependence of the boundary velocity
on the azimuth when studying the surface of the platform basin by refracted
waves can be especially significant.

As is noted above, the field t(x, y, &) in the observation plane has
ambiguity even for the simplest models with a plane interface and uniform
medium.

In reference [94], which is a further development of the theory of spatial
reflected wave soundings, the possibility of the construction of a unique
field of some magnitude M determined by the measurements on the orthogonal
cross soundings with orthogonal orientation in the observation plane is
demonstrated. Here the uniqueness of the field is maintained with great
accuracy for a quite large set of standard models. This has offered the
possibility of strict solution of the inverse problem [96].

In conclusion, let us point out that the theory of time fields developed
above in recent times has begun to be used in structural seismic prospecting
both in the solution of the problem of isolating signals against an inter-
ference background and for more proper solution of the inverse problems.

53, Peculiarities of the Identification of Waves and Use of Their Dynamic
Characteristics

When working with the sounding procedure, we are dealing with waves excited
at various points and recorded on short installations not connected to

each other. Under these conditjons, for wave identification it is impossible
to use the known rules of positional and transpositional correlations

which presuppose the presence of continuous observations and placement of
observation sources fixed in a defined way. In the spot sounding procedure,
use is made of the so-called discrete wave correlation in which, along

with analyzing the wave field, broad use is made of the a priori data on

the general laws of the geometry of the investigated medium and its physical
properties.

The dynamic characteristics of the oscillations which play an important role
in wave identification carry valuable information about the properties of
the medium, including those which cannot be reliably investigated only by
the data on the travel times of the elastic waves recorded for low~detail
observations. Therefore the attraction of the dynamics of the observations
to obtain additional information about the deep structure even in the
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reconnaissance research phase is natural, Existing methods of solving this
problem basically have been calculated for the use of seismic recordings

in a wide ranpe of distances from the source with careful monitoring of the
conditions that the excitation points and recording of the oscillations;
therefare they cannot be used 1in the spot sounding procedure without con-
gldering its speciflic nature.

= Peculiarities of Wave Correlation During Reconnaissance Prospecting Research

The discrete correlation, in addition to the sounding procedure, is used in
one form or another in the works designed to obtain hodographs, above all,
dotted and piecewise continuous. The wave identification conditions in these
cases are not identical as a result of the peculiarities of the observation
systems used: and these conditions reduce to the following.

If we depart from the instability of the conditions at the points of excita-
tion and reception of the oscillations, then the basic causes of variation
of the characteristics of the tracked wave along the profile can be con-
sidered to be the variation in structure of the investigated medium and

- inconstancy of the distances from the source to the receiver. As a result
of inconstancy of the distance, significant alterations of the wave plcture
are possible: the reflection-refraction conditions of the waves vary, at
certain distances these interfere with other oscillations. When working on
obtaining extended hodographs, the two mentioned factors have an effect.
The conditions of discrete correlation in the spot sounding procedure are
more favorable, for the observations are made with low-variable sounding
bases selected in a relatively narrow region of the most reliable generation
of the tracked wave. Accordingly, the recorded wave field is more stable,
its variation along the profile (or with respect to area) is primarily caused
only by the structural peculiarities of the medium.

The basis for the investigated discrete correlation procedures is the prop-
osition of the existence of sustained seismic boundaries commensurate with
respect to extent with the dimensions of the investigated section which
correspond to stable reference waves. With thickening of the observation
network, the possibility appears for tracing waves from less extended
boundaries and waves with more variable characteristics.

The requirements on the reference waves are different for different observa-
tion systems. For the spot sounding operations, stability of the wave
characteristics in a relatively narrow range of distances from the source

is sufficient. The recording of reflected waves in the vicinity of the
angles close to critical where the reflections often predominate with respect
to intensity although 1t is not always possible to construct sufficiently
elongated hodographs by them can be a situation which i1s characteristic

and frequently used in the sounding procedure, When obtaining the hodographs
the stability of the characteristics must be observed over significantly
longer intervals and distances from the source.
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The discrete correlation is based on joint use of three groups of attributes:
wave, physical and geological. -

The group of wave attributes includes kinematic and dynamic parameters of
the waves taken from the seismograms: the travel times, apparent vclocity,
relative intensities, apparent periods and other characteristics of the
oscillations. A study is made of the relationsof these parameters for -
different waves considering the laws of variation on removal from the
source. For reliable determination of the wave parameters, as a rule, it
is sufficient to have a recording of the osclllations at one point.
Distributed installation of the seismographs no less than 0.5 to 1 km long
is needed. As a result, the possibility appears of not investigating the
waves with short cophasalness axes and estimating the apparent velocitles
and their relations for different waves. It is desirable to make a three-
component recording of the oscillations to monitor the regularity of the
waves with respect to their polarization characteristics and involve other
types of waves, in particular, composite waves, in the deciphering of the
structure.

The physical attributes are based primarily on the data obtained as a result
of the interpretation of the effective, boundary and stratal velocities

of elastic waves. With proper identification of the waves, the velocities
found, their distribution with respect to depth and along the profile (over
the area) must not contradict the laws existing or presupposed for the
investigated area. This requirement 1s not absolute. The presence of
contradictions serves only as grounds for repeated critical analysis of the
correlation. The matching of the independent determinations of the velocity
with respect to waves of various types, tying to the data with respect to
other physical properties (density, electrical activity) in accordance with
the existing correlations has great significance.

The geological attributes (section attributes) encompass the morphological
characteristics of the surfaces with which the seilsmic boundaries are identi-
fied. Ue have in mind the depths of occurrence of the boundariles, the slope
angles in them, curvatures, thickness of the layers, matching of the struc-
tural plans on different section levels characteristic of the given area of
the peculiarities of the structural forms, and so on. The basis for this
group of attributes is knowledge of the geology of the area and analogies
with similar territories.

The relations of the different attributes have a larpe role in discrete
correlation. Regional and local relations are used for the distribution
of the physical properties of the rock with the peculiarities of geological
structures, the dependence of the wave parameters on the model of the
medium characterized by geological and physical attributes.

The source of information for substamtiation of the discrete correlation
attributes is the results of detailed seismic overations pertalning both
to the study of the wave field and to the structural laws and properties
of the earth's crust and tops of the mantle. 1In addition to the laws of
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a general nature, as a rule, it 1s necessary to consider the peculiarities
of the specific areas. Therefore, alony; with analysis of the materials with
respect to other territories with a similar geological situation, usually

- before begilnning work In the new area special parametric observations arc
made by the method of plecewise continuous profiling to discover the local
peculiarities of the wave field.

In connection with broad use, along with the wave attributes of the data omn
the properties of the medium, the process of discrete correlation cannot be
considered as an isolated, initial step of the interpretation. This process
continues in the steps of determining the elastic properties of the medium
and construction of the sections and structural maps. The noncorrespondences
in the results obtained provide a basis for investigation of other versicns
of the wave correlation.

Let us discuss two peculiarities in the method of reconnaissance prospecting
research important to the discrete wave correlation.

The first peculiarity is joint application of waves of different types
(reflected, head, refracted). When using individual correlation attributes
and their interrelations, it is necessary to consider the corresponding
peculiarities for the different waves. In addition, further possibilities
appear for control of the correlation with respect to the criterion of non-
contradictoriness of the results obtained by waves of different types.

The second peculiarity is the great extent of the investigated seismic pro-
files and regions encompassing nonuniform blocks of the earth's crust with
distinguished seismological conditions and wave picture. Therefore the
basic assumption regarding the maintenance of the seismic boundaries and
the waves corresponding to them often is made not for the entire territory
as a whole, but only within the limits of one or several comparatively
uniform blocks, the transverse dimensions of which usually do not exceed
several hundreds of kilometers. On making the transition from one hlock

to another, sharp variations in depths of occurrence of the seismic sections,
wedging out of the individual layers, curtailment of the tracing of certain
boundaries, and variation in the propagatior rates of the elastic oscilla-
tions are possible. All of this can lead to differences in the discrete
correlation attributes and their interrelations for individual blocks of
the earth's crust, Consequently, a careful analysis of the seismic record-
ings made is needed directly during the course of the field operations for
introduction of the corresponding corrections to the observation technique.

Peculiarities of Using Dynamic Wave Characteristics

These characteristics, which are highly sensitive to the properties of the
medium can be used to obtain information about the deep structure, The
information about the peculiarities of the medium whish are weakly mani~

fested in the kinematic parameters of the elastic waves recorded in a
#parse low-detail observation is especially valuable.

63

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICLAL USE ONLY -

The usual methods of utilizing the dynamic characteristics, as a rule,

cannot be used without alterations in the method of spot sounding as a

result of the specific nature of the work., A characteristic feature of

the operations is frequent changing of the oscillation excitation and

recording points, separatcness of the recelvers, which complicates the -
. monitoring of the varlation of the excitatlon and reception conditions of
the elastic waves. Therefore 1t is impossible to obtain comparable data on
the absolute values of the dynamic characteristics of the oscillations in
a series of soundings. The sounding bases calculated for tracking a defined
wave are kept almost invariant over significant territory; consequently,
the required materials are not available for investigation of the dynamic
characteristics of the individual waves as a function of distance to the
source,

Under such conditions in order to exclude the effect of the distorting
factors not taken into account at the source and receiver stations it is
expedient to use not the absolute values of the dynamic parameters (ampli-
tudes, frequencies), but the ratio of like parameters of two waves recorded
on one seismogram. The distribution of the magnitude of this ratio over
the investigated territory is obtained for a number of soundings, the bases
of which vary little or are fixed. Here it is possible jointly to consider
e the waves corresponding to the different boundaries or the waves of differ-
ent types from one boundary.

It 1s expedient to use the following approach to estimating the properties

of the medium by dynamic characteristics of the oscillation. Initially,

a model of the medium is constructed by the data on the travel times of the

waves. As a rule,some of its parameters (the magnitude of the velocity

gradient in individual layers, the fine structure of the seismic boundaries)

can vary within certain limits without significant changes of the kinematics

of the corresponding wave field. The direction dynamic problem is solved

for the model obtainéd with variation of the indicated parameters. By com-

- paring the calculated and experimental dynamic characteristics, the values

- of the additional parameters of the medium are estimated, and the reliability
of the results obtained by the kinematic wave characteristics is monitored.
In order to increase the stability of the results it is necessary to average
the experimental data ove. a set of soundings considering the block structure
of the earth's crust.

The methods of determining the properties of the medium with respect to

dynamic characteristics of the oscillations and practical procedures for
discrete correlation of the waves are investigated in Chapter IV.

84, Sounding by Refracted Waves Using Hodograph Elements

A study is made below of the basic characteristics of the version of sound-

ings by refracted waves developed in reference [79, 80] and used to study -
the surface of the basement in the territory of the Tyumen' Oblast,
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The version is broken down into two groups: linear (LZ MPV) and spot

(TZ MPV) sounding. By LZ MPV we mean the soundings for which the observa-
tions are made using a linear installation of defined length, and the
apparent velocity is used during the Interpretation to calculate the values
of tg, the depths, the boundary velocities, and so on. By TZ MPV we mean
the soundings, on interpretation of which only the times of arrival of the
refracted wave are used, and the apparent velocities obtained on the defined
base are used only for recognition are identification of the waves.

Figure 23. Linear and sounding diagrams using the refracted
method

The linear and spot observations include (Fig 23): 1) elementary sounding
(A); 2) systems of two elementary soundings (By, By, D1, D2, D3);

3) sounding system with recording of time at a mutual point (B1, By);

4) systems with calculated mutual time (Eq, EZ)'

The interpretation of data with respect to systems A, B, By and G in the
final analysis reduces to tracing the hodographs to the blast points; the
values obtained for t( depend on the correctness of the value of the
boundary or apprent velocity selected for location, In addition, by
system By it is possible to find the boundary velocity by the element of
the difference hodograph, and the defined value of the reciprocal time (T)
obtained by continuation of the hodographs to the blast point offers the
possibility of obtaining a segment of the line tg within the limits of the
- installation.
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N It is possible to consider the asymmetric system D; a generalization of
symmetric sounding [89], and systems Dy and D3, extreme speclal cases of it.

The value of t( 1s determined by the systems By and By from the expression
in the RMI'V refracted wave method [207]:

3 b=t + 6 —T, (1154

that is, the source-receiver distances and the values at the boundary and

- apprent velocities are not used in calculating ty. The expression for to
by the systems Ej and Ey in the final analysis leads to an analogous form.
The noted observation systems also permit us to find the mean value of the
boundary velocity.

For the indicated observation systems, the time field theory (see §2 of
this chapter) and the interpretation methods based on it are valid. Let us
consider another approach to the solution of the inverse problem with respect
. to the sounding data by the refracted wave method for the model of a two-
- layer medium with plane inclined boundary.

Elementary Soundings. In the x and t coordinate system, we take the point
01 as the origin of the coordinates (see Fig 23, A). The distance to the
point Oy will be denoted by £, the arrival time of the wave at this point ty;
tg at the point 0y, t 1» at the point 09, tg2. The expression for the time
ty is written in the form

fu =ty + S sin (i = @) | (I1.55)
or, begimning with the duality principle:

G
ty =ty + — sin (i 3= @), (I1.55"y

The top sign on the ¢ corresponds to the boundary drop. Let us write rhe
coordinates of the point tgp and tgot

[P

toulo, £y — —sin (i 2= 9)],
..

toally tu — - sin (i 2= @)].

The equation of the line ty passing through the points tgr and tgo will have
the form

b= % (toz — tor) -+ 1.
Consldering equation (II1.55), we obtain

ty =1ty — —isin (i + ) :tsz cos i « sin (. (I1.56)
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For the known value of the boundary velocity vy we find ty expressed as
follows:

fy= by — ==, (I1.57)

v "

Solving the last two equations jointly, we find that t'0 is equal to the
value at the point having the x-axis:

l ,
x=—2—(1$tgz-tg£3).

Thus, at the point with the x-axis %r(14=tgi-tg€§) the value of tg is
equal to tH/Q/“boundary'

When using a single-point observation system (system A) for determination

of tg it is necessary to kmow the value of the boundary velocity Vhoypdary
which can be obtained for soundings by the more complete systems of observa-
tions, by the KMPV refracted wave method profiles.

The expression for the relative error in t(Q as a result of the error in the
boundary velocity has the form

R :I:—l"'v\"
b U (e =10y

If it is known that the slope angle ¢ is small, then tgi-;tg%ﬁo_

and for the x-axis of the depth reference point we obtain the approximate
formula x=2/2. The relative error assumed when using this formula is
expressed by

2
m, ety
@ 1—1g 3
Spot Sounding Systems. Keeping the assumptions made, let us consider the

observation system with two blast points 0 and 0; and two reception
points Aj and A, having observed times t; and ty respectively (Fig 24, a).
According to the duality principle, the times t1 and ty can be carried
over to the point 01 and O,. Thus, if the origin of the coordinates is
placed at the point O;, then in the x, t coordinate system we have four
points (K, L, G, H) with the coordinates:

K(S + llv t!)v G(Ov ti)v
Lk, t), H(S, t).
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The equation of the straight lines running through the points K and L
has the form

T (S4h) =ty
Iy —(z1+ 1) = t1— t.' (11.58)

The straight line running through the points G and H is described by the

equation
z _ t—t o
S T =t . (I1.59)
a
- t 1'
W =L
=T
to //"tng H
7 7 T R
0 0z Az

Figure 24. Derivation of the calculated formulas for soundings
by the refracted wave method in the cases of:
a -- two sources, b —- three sources
For the times ty and t9 it is possible to compile the following equations:

t,=tu+ "l,ji‘ sin(i — @),

(11.60)
ty =14+ -%- sin (i — @).
Here tg] and tgy are the values of t, at the blast points 0y and 0,. The
equation of the line t( running through tgy and tgy is written as %ollows:
_x_=__‘_:t_01_._.
s o™ fo

z, Considering equations (II,60), we have

t—ti+ M sint—0)

(I1.81)

z S
s g,—.l'_sin (;_q;)—:1+z_15in(l—1p)
v v
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Solving equations (XI.58),(II.59) and (II.61) jointly, we find that all
three lines intersect at one point M, the coordinates of which

xl! === .l;
R ’
- 1+ R
i (I1.62)
tn = ——t’;: = ;t:lg-

Thus, for observation systems of this type (D in Fig 23) it is possible to
find the value of tp and the x-axis xto to which this t belongs. Let us

note that in this case tQ and Xy do not depend on the boundary velocity in

the slope angle of the boundary ¢. WNow let us find the boundary velocity.
Subtracting one equation of (II.60) from the other, as a result of simple
algebraic transformations we obtain:

(thi—ty) (R S)cosp o
(R—8)3sin? @
v3

— 3sind
' (R ) sint g+ (B + 5y cost gl =T E — (1~
% 1= 14 ti—ta)E (R S)ecos? @ *
(IL63)

p =
(b —t2)*—

Let us present the expressions for determining the values of tg and Vboundary
in the case of the system of elementary sounding made up of three blast
points and three reception points (see Fig 24, b) without intermediate
calculation.

Proceeding analogously to the previous case, we find the equation of line tg
in the form

f — bd af
z [(‘a =) (ta— k) ?17 — ce .\_l- af — ce fab(t,— 1) —ac(t— t)]
th=1s af—bd .
af —ce

ac — ab
(11.64)
The final formula for the boundary velocity has the form
v = (af — bd) cos (I1.65)

. {(af — bd — 2ab) ¢, (bd — ce) — ¢, (af — ce) -+ £, (af — bd)] *
a b 2ac (af — bd) — 2ah (af — ce)

The investigated sounding system permits us to obtain other simpler systems
of the type Dy, Dy, D3, By, By, Ey, Ej, and so on(see Fig 23).
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The three-point system with subsequent matching of the observation points
; with the blast points (see Fig 23, Bl), which is a special case of the
: above-investigated general three-point system, is of the greatest interest.
; In this case the time tg 1s determined by the formula (II.54), and the
' following expression is valid for the boundary velocity:

| _ 2,1, cos @ ) (11.65")
' Ur = 7T — o) + I3 (T — o) )

For small boundary slopes, it is admissible to comnsider cos ¢=1,
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CHAPTER III. REMOTE-CONTROLLED TAYGA SEISMIC SYSTIM
§1. Functional Diagram of the Equipment

The structural diagram of the equipment is presented in Fig 25. One set of
the equipment includes an arbitrary number of portable remotely controlled
six-channel magnetic recorders with reel-to-reel tape drives, one dispatch
station for generating the remote-control signals and time marks and also
the base reproduction unit on which the magnetic recordings are reproduced,
the seismic signals are filtered and the seismograms are recorded on a
photographic carrier. During the seismic studies, these elements function
as follows.

The dispatch station, which is made up of an. instruction coder and a power~
ful radio transmitter, is installed at the blast point. A time loop is -
connected to the instruction coder.

Any form of tranmsportation is used to install the seismic recorders at the
planned observation points, the number of which is limited only by the
number of recorders available to the seismic crew., At the observation point,
two three-chamnel seismic cradles with groups of seismic receivers and a
radio receiving antenna are connected to the recorder. Then the recorder

is put in the ready mode where the electric power is supplied only to the
radio receiver and a special remote~control inmstruction decoder, and it is
left unattended at the observation point.

The recorder will stay in the ready mode until the radio transmitter from
the dispatch station begins to transmit a special signal generated by the
coder.

The dispatch station is switched to the transmission mode when all of the
recorders have been installed and the charge is ready for detonation.

The remote control signal gemerated by the coder is simultaneously an
encoded time mark signal.

The signal transmitted from the dispatch station is received by the radio
recelivers of all the recorders and goes to the decoder inputs. At one of
the outputs of each decoder there is a servo relay, and its other output is
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connected to the input of the circuit for recording the time mark signals
on magnetic tape. The servo relay switches on the power of the tape drive
mechanism on the recorder, the seismic signal on amplifiers, modulators
and time mark recording circuit, that is, it switches the recorder to the
record mode. On completion of the transient processes after switching on
the power supply, the recorders are ready to receive seismic signals.

Thirty to 40 seconds after switching on the dispatch station, the charge

is detonated. This generates selsmic waves and simultaneously breaks the
time loop connected to the coder. The sudden breaking of the time loop
changes the structure of the time mark signals, recording the blast time.
Then, a calibrated interval after the blast time, the structure of the time
mark signal returns to the initial structure and varies subsequently with a
given period with high accuracy. This process will be investigated in
detail below.

All of the processes occuring in the coder are transmitted over the radio
channel to the recorders and by the time mark recording system they are
recorded on magnetic tapes simultaneously with the seismic signals.

The decoders of the recorders are comstructed in such a way that the servo
relay remains connected during the entire time interval that the signals
transmitted from the dispatch point are present at the output of the radio
receiver, independently of the changes in thedir structure,

On expiration of the defined time after the blast, sufficient for the
seismic wave to travel from the blast point to the most remote observation
point, the dispatch station is switched off. As a result, all of the
recorders automatically return to ready and remain so until it is necessary
to record seismic signals from the next blast. After processing one segment
of the profile or area, the recorders are gathered up and installed at new
observation points, and the magnetic tapes with the recordings are reproduced
on the base reproduction unit and processed.

For the case where it is not possible to record the blast time by a time
loop, a special mode is provided in the coder, In this case the coder
generates a cyclic code with an ambiguity period comparable to the maximum
travel time of the seismlic waves, and the blast time is determined by the
recordings of a recorder installed in direct proximity to the blast point.

When developing the Tayga equipment it is necessary to solve two primary
problems:

1) Develop a highly efficient channel for magnetic recording of the seismic
signals on the magnetic tape corresponding to the requirements discussed in
Chapter I, §3;

2) Develop a highly noise-resistant radio remote control system especially
_ designed to control the operation of the distributed seismic recorders and
simultaneously providing for time gridding of the received information and
the blast time.
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Figure 25. Structural diagram of the Tayga equipment
1 —- dispatch station: MIl -~ : time loop; III -~ coder;.
IPD -- radio transmitter. 2 -—- selsmic recorder: PI -- radio
receiver; DILIL -~ decoder; wep =-- servo relay; “sm -- recorder
power supply; TDP -- ready switch; smyx -- tape drive;
M-~ magnetic tape; MI'l to MI'8 —- magnetic head unit;
3MB -~ time mark recording circuilt; . to ums -- frequency
modulators of the seismic channels; Y1-Y6 —~ seismic signal
amplifier; I'KD -- detonation compensation channel generator.
3 —-- reproduction unit: JamM -~ tape drive; mit -- magnetic

tape; MI'l to MI'S -- magnetic head unit; YBMB, YBKD, YBl to YB6 ~-
reproduction amplifiers and diimMB, YIKZ, &M + uits
-- frequency demodulators of the time mark channels; detonation
compensation and seismic channels respectively; unb -- detonation
compensation channel inverter; Il to L6 -- adders; Yol to Yo 6

; -~ low-frequency filter amplifiers,

i Key:

: 1. seismic receivers

2. galvanometers
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§2. Seismic Signal Magnetic Recording Channel

From the point of view of such characteristics of the recording channel as
the dimensions, mass and energy consumption, the proper selection of the

_ structure of the seismic signal magnetic recording channel has important
significance. In the seismic equipment the most widespread is a direct
recording with high-frequency magnetization; a recording with frequency
and pulse-width modulation was used somewhat less broadly [122]. 1In recent
years pulse-code or digital methods of recording have begun to be used more
and more intensely in the foreign and Soviet seismic recording equipment.
These recordings are superior to the analog recording with respect to
accuracy of recording the signals on the magnetic tape, but they require
significantly higher magnetic tape drive speeds and significantly more complex
electronic systems to convert the analog signals to digial form. This
leads to the fact that the dinital recording systems are essentially inferior
to analog systems and appreciably more complex than the latter from the
point of view of economy. Therefore when developing autonomous, highly
economical, small-size equipment the application of digital recording systems
is inexpedient.

The analysis of the analog systems for recording seismic signals indicates
that the direct recording with high-frequency magnetization 1s less wide band
ahd requires minimum magnetic tape drive speed. Therefore, this type of
recording is primarily used in the autonomous seismological equipment with
continuous magnetic tape drive as occurs in the above-mentioned Cherepakha
and Zemlya equipment. However, the dynamic range of the recording with this
recording procedure does not exceed 40 decibels, which is its basic dis-
advantage. In addition, in order to insure this recording range it is
necessary to use wide recording and reproducing magnetic heads which are
shielded well from each other. Therefore in the Cherepakha equipment, for
example, for parallel recording of information on 8 channels of which only 6
are used for recording seismic information, the width of the magnetic tape
is 25.4 mm. This automatically complicates the tape drive mechanisms and
increases its size and weight.

Frequency and pulse-width modulation are approximately equivalent from the
point of view of wide-band nature and, consequently, the requirements on the
magnetic tape drive speed [29].

The FM-recording is preferable primarily because it does not require the
application of wide magnetic heads and good shielding between them in the
module. In contrast to direct recording with magnetization in FM-recording
it turns out to be possible to have 8 to 9 parallel recorded channels on

a magnetic tape 12.7 mm wide using standard magnetic head units designed for
pulsed methods of recording.

It is known that the basic source of interference limiting the dynamic
range of the recorders with FM recording is inconstancy of the magnetic tape
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drive speed with respect to the recording and reproducing magnetic heads
(3, 291.

Therefore, for recorders with FM-recording it is necessary either to construct
the precision tape drive mechanisms with very low instabillity of the tape
drive speed or to use effective methods of controlling this problem, usually
called tape drive detonation. These procedures are well known and are
described, in particular, in references [3, 29].

The first procedure 1s unacceptable for building portable, autonomous equip-
ment, that is, it is impossible to make highly stable tape drives
sufficiently economical and simple. Therefore it is expedient to consider
the following problems: what level of detonation is admissible when record-
ing seismic signals, how does the detonation influence the accuracy of the
recording, what does the effectiveness of controlling it depend on, and what
are the maximum admissible values of the dynamic range.

From the point of view of using FM-recordings of seismic signals when develop-
ing the Tayga equipment, a theoretical analysis is made in order to answer

the questions. The results of the analysis were used in the process of
constructing the equipment.

In references [2, 29] it was demonstrated that the detonation of the tape
drives leads to the occurrence of two types of interference, one of which is
multiplied times the useful signal (multiplicative component of the inter-
ference), and the other issummed with the signal (additive component of the
interference). The first type of interference leads to spurious modulation
of the useful signal, that is, to its nonlinear distortions; the second type
of interference limits the dynamic range of the recording for this inter-
ference exists at the output of the reproduction channel even in the
absence of the useful signal.

The depth of spurious amplitude modulation of the useful signal is determined
by the sum of the detonation coefficients of the recording and reproducing
tape drives.l

If we permit, as provided for by the standard for analog seismic equipment,
3-percent nonlinear distortions of the useful signal, then in the equipment
it is possible to use recording tape drives with a detonation coefficient
of 2-2.5%, and reproduction units with 0,5-1% detonation coefficient,
inasmuch as it is semistationary and the only one for a large group of
recorders.

1The detonation coefficient is the ratio of the maximum deviation of the

instantaneous tape drive speed to its average speed m=AV/Vaverage‘
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Thus, from the point of view of the admissible level of multiplicative

noise in the seismic equipment recorders, it turns out to be possible to

use very simple tape drives, However, in thila case if the total detonation
coefficlent of the recording and reproducing tape drive is 3%, with a
frequency modulation coefficient of 0.6-0.7 the level of additive detonation
noise will be about -30 decibels frem the maximum signal, that 1s, the
dynamic range of the recording channel will not exceed 30 decibels, which

is clearly inadequate.

The analysis of the known method of suppressing the additive component of
the detonation interference by recording the reference frequency signal

on the magnetic tape simultaneously with the frequency-modulated signal
demonstrated that the additive noise can be completely suppressed under
defined conditions and, consequently, the dynamic range of the recorder
will in this case become infinite with respect to this type of interference.
Of course, in a real system it will be limited by the interference of some
other nature. We shall discuss this problem below.

¥then developing the Tayga equipment, it was demonstrated theoretically and
experimentally that the degree of suppression of the additive detonation
noise essentially depends on the structure of the device suppressing this
noise and the stability of the carrier frequencies of the frequency modulators
used.

The adoption of special measures with respect to stabilization of the
parameter of the electronic circuits of the equipment and the development
of the corresponding schematic for the device to suppress additive detona-
tion interference have made it possible to expand the dyanmic range of
seismic recorders to 60 decibels or more (see TFig 26).

The structural diagram of the device for suppressing the additive detonation
interference used in the Tayga equipment differs from those known from

the literature [2, 29 or more] by the fact that the subtraction of the
detonation interference from the signal reproducible in seismic channels

is done before the filtration operation, that is, before gemeration of

the low-frequency component. At the same time the effect of instability of
the phase characteristics of the filters on the quality of the noise
suppression is excluded.

In the YJi1.-to YOG and YKL frequency demodulators (see Fig 25, 3)
univibrators are used which generate a train of square pulses of constant
amplitude and duration. In the seismic channels the repretition frequency
of these pulses at the YJ1—YJ6 output is modulated by the seismic
signal and noise, and in the detonation compensation channel at the qlﬂin
output the square pulse repetition frequency is modulated only by the
detonation noise, for in each seismic recording the MI'8 magnetic head
records the reference frequency signals from the I'KJ[stabilized oscillators
on magnetic tape (see Fig 25, 2). The inclusion of the UHB
inverter at the YJIKJ| output in the reproduction unit permits 180°
shifting of the detonation interference phase in the compensation channel
with respect to the detonation interference in the seismic channel.
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Figure 26. Oscillograms characterizing the operating quality

of the magnetic recording and reproduction channel
Frequency of the described signal 20 hertz. Uo max 18 the maximum
signal recorded by the recorder with amplification coefficient of
0.75. The oscillograms of the signals reproduced without deconation
compensation (a) and with detonation compensation (b).
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The suppresslon of the additive detonation interference 1s realized by

successlve summation of two trains of square pulses from the outputs of

the corresponding frequency demodulators and from the output of the UHB

inverter in the Il to I6 adders., As a result, the instability of the phase
characteristics of the low-~frequency Y®l to Y¢6 filter amplifiers, which

generates seismiz signals in the corresponding channels, has no influence

on the quality of the detonation noise suppression. -

Oscillograms are presented in Fig 26 which demonstrate the quality of the
seismic signal magnetic recording channel of the Tayga equipment.

The seismic recording unit with dynamic recording range of 60 decibels
using simple and highly economical tape drives was built for the first time
in the USSR. 1In addition, it was demonstrated theoretically and experi-
mentally that the dynamic range of somewhat more than 60 decibels is the
maximum admissible range, for it is then limited to the effect of the
spurious amplitude modulation of the pulse signals reproduced from the
magnetic tape.

On the basis of the studies performed, reel-to-reel tape drives have been
developed for the seismic recorders of the Tayga equipment with drive from
the highly economical DC motors with a detonation coefficient no more than
27 permitting parallel recording of the information from six-channels and
two auxiliary ones on the tape 12.7 mm wide. The magnetic tape stored on
the reels driven at 9.5 cm/sec provides for successive recording of more
than 10 blasts with 3 to 4 minute recordings of each blast.

§3. Radio Remote Control System

The radio remote control system of the Tayga system is designed for perform-
ing the following operations: 1) switching the recorders to the record
mode; 2) shaping and recording the large and amall-scale time mark signals;
3) transmission of the blast mark signal to all recorders; 4) disconnection
of the recorder from the record mode and transfer of it to ready.

As follows from what has been discussed above, the remote control system

of this equipment has been built so that the recorders are switched on by
the time mark signals, and they are switched off automatically after cessa-
tion of the transmission of the coded time mark signals from the dispatch
station. This has greatly simplified the remote control system as a whole
and the recorder decoder in particular, which is extremely important, for
its economicalness determines the electric power intake in the ready mode.

The coder of the remote control system shapes the time mark signals, the
structure of which permits reliable time gridding of the information
recorded by all of the seismic recorders, The reference point of the time
mark scaie coincides with the blast time. This offers the possibility of
multiple transmission of the blast time mark signal after calibrated time
intervals during one session. The block diagram of the coder and the
structure cf thea time marks are presented in Figures 27, 28. -~
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Figure 27. Block diagram of the coder: a -- when operating with

- the blast time mark; b —- when recording the "uncontrolled blasts."
_ 3T -- master oscillator; mt—1s -- frequency dividers;
Ri—ka5-— switches; Il, L2 —- adders; 9T -- shaping trigger;

YY -- preset unity YC -- clear circuit; &M -- blast time pulse
shaping circuit; MI -- time loop.
Key:
1. to the radio transmitter

Tue coder- is made up of three basic modules; the module for shaping the

subcarrier frequencies —- I, shaping the marking frequencies ~— II, and
shaping the time mark structure ~— IIT.
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Figure 28. Structure of the time mark signals at the input
of the radio transmitter and shape of the time
mark recording on the seismogram
a —— when working with the blast time mark; b -- when recording
"uncontrolled blasts."
Key:
1. blast time

The quartz-stabilized master oscillator of the coder generates a signal of
sufficiently high frequency which is simultaneously fed to the D1, D2 and D3
dividers which generate the subcarrier frequency signals f1, £, f3 and

the dividers D4, D5, which shape the marking frequency signals. The sub-
carrier frequencies fj, f,, and f3 are located in the radio telephone

channel band of 0.3 to 3.0 kilohertz. The oscillation periods of the marking
frequencies Ty1 and Ty, have values from the following series: Ty3=30 milli-
seconds, 25 milliseconds, 20 milliseconds, 15 milliseconds and Ty,=1.5 seconds,
1 second and 0.75 seconds. Every set of equipment has its own combination

of values of subcarrier and marking frequencies. These values are estab-
lished by replacing the division coefficients D1, D2, D3, D4, and D5.

- The shaping of the time mark signals is realized by module III in the
following way. At the time the coder is switched on by the preset unit (YY)
the shaping trigger (¢T) is set to the position where the switch R
is closed, and the switch KJI2 is open, For a closed time loop (M) the
blast time pulse shaping circuilt (M) keeps:HKJI5 in the open position,
The subcarrier frequency signal fi goes through KJI1 and the adder Il to
the input of IiJI4, and the subcarrier frequency signal f5 is fed to the
input of the KJI3 . The KJI3 and KJI4 switches are alternately closed
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by the signals which come from the opposite arms of the output trigger of
the D4 frequency divider, at the same time manipulating the subcarrier
frequencies f; and f3 at the input of the adder 52, the mutnutr of which is
connected to the Input of the radio tramsmitter. Thus, the frequency
manipulated signal 1s radiated into space before the blast time. The keying
frequency of the subcarrier frequencies f] and f5 1s equal to the marking
frequency fy; which determines the scale divisions of the fine time mark
scale. The recorders are switched to the record position by the shaped
signal.

At the time of detcnation of the charge, the time loop MI is broken, and the
state of the ®M circuit is switched, which through the YC initializes D4 and
D5, changing the state of the shaping trigger 9T so that W{Jif opens and HJI2
closes. Simultaneously, the ¢M circuit closes K25 . As a result, from
the time of the blast the feed of the subcarrier frequency &ignal f1 ceases,
and the signal of the subcarrier frequency fy begins to go through the Kj12
and the adder Il to the input of the'KN4. Now the marking frequemcy signal
fM1 will manipulate the subcarrier frequency fo and f3 at the input of I2
- using KX3 and K§i4 . The state of the shaping trigger ¢T does not change
until the first pulse goes to its counting input through K§i% from the D5
output, which shapes the signal of the second marking frequency fym2 giving
the large time scale divisions. Then 4T operates in-the counting mode,
manipulating the subcarrier frequency f1 and f) at the input of Il using
KNl and KAZ in accordance with the large divisions of the time scale.
Clearing D4 and D5 at the blast time automatically ties the reference point
of the time scale to the blast time. This not only creates defined convenience
when processing the seismograms, but it also increases the noiseproofness
of the transmission and the blast time mark, for it repeats after calibrated
- intervals in accordance with the large time scale divisions. The division
coefficient D4 and D5 are selected so that an integral number of frequency
perlods fMl will be laid out in one frequency period fyo.

If it is impossible to record the blast time by using the time loop, the
structure of the coder shown in Fig 27, b is used. In this case the large
time scale divisions are given as before by manipulation of the subcarrier
frequencies f; and f, using the shaping trigger 9T, which operates here

in the mode o% separate starting of the outputs of the D5 and D6 dividers
which give the frequencies fy, and fy3. If we select fup=1/5 hertz, and
fyM3=1/4 hertz, then the shaping trigger ¢T will shape the code of the large

- time mark divisions with a repetition period of 20 seconds as shown in
Fig 28, b. This code permits a unique time coordination of the seismograms
. for any types of regional seismic operations.

Thus, in the coder of the remote control system for the Tayga equipment
it is possible to transmit the blast time mark signals, the signals of the
large and small time mark scale divisions to the observation points and

control the operation of the recorder by manipulating all three subcarrier
frequencies.
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The decoder of the remote control system of the Tayga system 1s designed

for isolation of the signals emitted from the dispatch station against the
background of various types of signal Interference, switching the recorder

to the record mode, reduction of the time mark signals to the initial form
for recording on the magnetic tape together with the seismic signals.

The block dfapgram of the decoder together with the time mark signal recording
system are presented In Flg 29,

The signals emitted from the dispatch station are generated as follows.
From the output of the radio receivers PIl, the signal goes to the inputs
of three parallel-included subcarrier frequency filters (91, @2 and ¢3),
which improve the signai-noise ratio, for the filter pass band (1, %2 and
¢3) is a total of 300-400 hertz on the -3 decibel level. Then the signal
is rigidly limited with respect to amplitude by the OTP limiter, and it is
fed simultaneously to the input of three:such subcarrier frequency filters.

The outputs of ¢1 and ¢2 are connacted to the detector D1, the output ¢3,

to D2. The detector D1 passes a .positive halfwave of the signal of the
subcarrier frequencies f and f3, D2, the negative halfwave of the signal

of the subcarrier frequency fj, performing the function of an inverter.

After summation of the detected signals in the I adder, the signal is fed

to the input of the &M; filter which is tuned to isolate the marking frequency
fy1. The transmission band of the ¢Mj filter is very small (1-2 hertz);
therefore a sinusoidal signal of marking frequency is generated at its
output, which is detected by the detector D3 and is fed to the input of the
integrator. On appearance of the signal at the input of the inteprator,

the voltage at its output increases slowly, reaching the response threshold
of the threshold circuit TY after 10-15 seconds, which includes the servo
relay WP, and, in turn, the latter switches the recorder to the record mode.

Figure 29. Block diagram of the decoder and the time mark
recording circuit.

Pl — radio receiver; D1, D2, D3 ~- amplitude detector; %1,

62, #3, 9M; ~- subcarrier and marking frequency filtecs; OFP ~—

amplitude Iimiter; I -~ adder; ® -~ integrator; MY —— threshold

circuit; up = servo relay; ¢B —- phase shifter; km and w2
-- switches; MI' -- magnetic head; Y¢ -- shaping circuit;
I -- decoder; II —- time mark recording circuit.
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The isolated marking frequency signal in the decoded channel turned out to
be out of phase with respect to the input signal; therefore the phase shifter
©B shifts the phase of the signal so that the pulsefronts of rectangular
shape of the marking frequency formed by the Yo shaper will coincide with

the switching times of the markins frequencles at the decoder input. The
switches Kl and y;j2 are alternately closed and opened, feeding the sub-
carrier frequency signals fj, fy or f3 from the output of the corresponding
filters to the input of the magnetic head MT.

Thus, the shape of the current in the magnetic head corresponds exactly to
the shape of the signal emitted by the dispatcher station. The sequence

of described filters realizes the optimal algorithm for generation of signals
of known shape against a background of random interference ta the degree to
which this can be done using the R, L and C-circuits without significant
complication of the field equipment,

Fig 30 shows the experimental curve characterizing the noiseproofness of
the decoder. The voltage amplitude of the output of the marking frequency
filter 9M; is plotted on the y-axis, the ratio of the effective signal
voltage to the effective voltage of the fluctuating interference at the
input of the decoder is plotted on the x-axis.

! As is obvious, the signal amplitude at the output of the 94, depends slightly

on the signal-noise ratio at the input of the decoder to values of Ue/Unoise
_ =0.4, and it decreases to the level of 0.7 of its maximum value for

Usipnal/Upp15e=0-33. The fine line on the 0.4 volt level denotes the
defired experimental interference amplitude at the output of the 9M; under
the effect of fluctuation interference on the decoder input. The dash-dot
line on the 0.5 volt level denotes the experimentally determined value of
the interference amplitude at the output of &M; under the effect of the
most dangerous pulse interference on the input of the decoder: namely, the
pulse interference was simulated by a plane of pulsed signals with repetition
frequency of the marking frequency of fM1, off-duty factor of 2, where the
pulse was made up of the sum of the signals of three subcarrier frequencies
£1, f2 and f4 of idential amplitude. The interference of the more dangerous
type in practice is not encountered.

The theoretical estimate of the probability of false responses in the
presence at the filter output ¢M; of an inertialless threshold device with
response threshold of 2.1 volts gives a value of 10~13 [13], which is
unconditionally entirely sufficient, for the reliability of the structural
design of the recorder as a whole will be appreciably worse.

The integrator U between M) and the threshold circuit MY is introduced
for reduction of the probability of the suppression of the signal by the
pulsed interference. Trom the operating conditions of the seismic recorder
it follows that even brief disconnection of the tape drive is inadmissible
during recording. If at the filter outnut oMy there is an inertlalless
threshold device any time at an interference pulse exceeds the effective
signal voltage of the inmput of the decoder even for a short time so much
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Figure 30. Voltage at the output of the marking frequency
filter of the decoder as a function of the signal-
noise ratio at its input

Key:
L. UDutput(VOIts)' b. Ufluctuation=0-4 volts
2. Uthresggld_z'l volts
3. Upulse_ .5 volts

that the voltage at the output of the filter ¢M; drops below the response
threshold PY, the recorder will disconnect. The probability of such cases,
which is very high as a result of the effect of atmospheric interference
and signals from outside radio stations, will become insignificant when the
integrator is included at the PY input. When the voltage at the outout of
oM, as a result of signal suppression by the interference drops below the
vaiue corresponding to the response threshold of IIY, the voltage at the output
of the integrator begins to decrease slowly, gradually approaching the
response threshold of NIY, that is, quick disconnection of the recorder does
not take place. If the interference was brief, then the voltage of the
output of the integrator will be restored.

The theoretical estimate of the probability of suppression of the signal by
fluctuating noise indicates that if we admit the possibility of disconnecting
the recorder when suppressing the signal for more than one second (this
condition determines the time constant of the integrator), the probability
of disconnecting the recorder will be quite low. However, the most real
danger is presented by the pulse atmospheric interference; therefore the
value of the time constant of the integrator ¥ must be such that the
recorder will disconnect no faster than 3 to 5 seconds after suppression of
the signal. The introduction of the integrator decreases the probability
pulse responses, When developing the radio remote control system for the
Tayga equipment, the following results are achieved.

1. The problem of insuring autonomous operation of the seismic recorders
after installation at the observation points 1is solved.

2, The coder of the dispatch station of the equipment has been developed
which will insure reliable control of the operation of autonomous seismic
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recorders, the certified time coordination of the recordings obtained by
the distributed recorders, recording of the seismic oscillations excited
by the "uncontrolled" sources (industrial explosions, air bombs), trans-
mission of the blast time mark signals and the time marks by a highly
reliable method.

3. A highly economical system has been developed for the receiving channel
of the remote control system insuring high noiseproofness of it;

The decoder permits realization of a reliable remote control of the operation
of the seismic recorders when the signal at the output of the radio receiver
is hardly heard against the noise background, that is, when the operative
telephone communications between the dispatch station and the observation
point in practice is impossible;

The system for generating time mark signals insures reliable time marking of
the seismograms obtained;

The tests of the remote control channel have demonstrated that for various
noise levels at the input of its receiving channel spontaneous inclusion
of the recorder does not take place (including under the effect of powerful
atmospheric interference).

54, Structural Design and Basic Technical Characteristics of the Tayga
Equipment

As a result of the described studies in the field test of the model, the
design documentation was developed for the Tayga equipment.

The seismic recorder, the power pack of the recorder and the dispatch sta-
tion are made in the form of portable units (Fig 31). In the radio remote
control channel of the seismic recorder the Nedra radio previously produced
by Soviet industry is used which has also been installed at the dispatch
station.

The reproduction unit is also made in the form of three portable units.

In one there is a tape drive which was developed on the basis of the series-
produced Kometa-201 tape recorder and the power pack of the reproduction
unit; in the other are the reproduction amplifiers, and in the third, the
low~freauency filter amplifiers,

The operation of a large lot of Tayga units (about 400 seismiz recorders)

has revealed certain deficiencies in the design of the equipment. The main
one of them is the use of the first model of one type of coded signal in

the remote control channel and all sets of the equipment; therefore the
seismic crews working with the Tayga system of .this model interfered with
each other even at significant distances apart, causing the seismic recorders
of a neighbor to be switched on by another's dispatch statifons.
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Figure 31. Tayga equipment.
1 —— seismic recorder; 2 —— power supply for the recorder;
3 -- dispatch station; 4 —- reproduction unit

Hlowever, the first model of the Tayga equipment is being used successfully
by many geophysical organizations of the country at the present time.

In 1972-1974, a new model of Tayga-2 equipment was developed. The design
of the Tayga-2 equipment (see Fig 32) basically was the same as for the
first model except the field units of the equipment «— the seismic recorder
and its power pack —.. were placed in sealed, mechanifally significantly
stronger housings. 1In the seismic recorders instead of the Nedra radio,

a more modern Karat radio is used which is placed in the recorder housing
and not in the power pack. The coder of the dispatch station is made
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from integrated microcircuits, and its possibilities have been expanded.
The coders of the Tayga-2 equipment can provide for independent operation
of 12 sets of equipment on one radio frequency without interference between
each other. The radio was taken out of the coder design. The coder output
was made universal, matching with the single-band radio transmitters of
different power.

Figure 32. Tayga-2 equipment

1 -~ coder; seismic recorder; 3 « recorder power pack;
4 -~ reproduction unit
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The reproduction unit is made structurally in standardized housings, and
It 1s equipped wich a loop oscillograph., The seismograms reproduced from
magnetic tape must record on photographic paper simultaneously on three
filtrations.

The Tayga-2 equipment has the following basic technical characteristics:

Seismic Recorder

Seismic channel 6
Auxiliary channel 2
Magnetic tape recording system gt
Magnetic tape

Type 6L

Width, mm 12.7
Total recording time for one cassette, minutes 45
Frequency band of the seismic channel, hertz 0.5 to 190
Noise level of the seismic channel, microvolts

no more than 1.0
Dynamic band, decibels, no less than 50
Band for step adjustment of the amplification of the

seismic channel, decibels, no less than 50
Onerating temperature range, °C -10 to 150 :

Power supply NKGK<~11D storage
batteries or 165U type
dry batteries
Intake power, watts, no more than
in the ready position 1
in the operating position 15
Power reserve provides for the recorder to be left in Up to 10 days
the ready position
Overall dimensions, m
The recorder

450%345%225
of the power pack 450%345%200
Veight, kg
of the recorder 14
of the power pack 21
Stability of the master oscillator 1073

Scale divisions of the fine time mark scale depending
on the code number, milliseconds

Time of division of the large time mark scale as a
function of the code number, sec

No of different combinations of coded signals

Radius of the reliable remote control when using the
Rodnik radio transmitter, km, no less than
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Reproduction Unit

Reproduction of selsmic signals
Reproduction of the signals from each seismic channel

Steepness of the tips of the frequency characteristics
of the filters, decibels/octave
Power pack
from the AC network

from the storage batteries (for the loop oscillograph)
Intake power, watts
from the AC network
from the storage batteries
Limiting frequencies of the filters on reproduction are
determined by the type of overations and have five values
each for the upper and lower frequency filters
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obtained from the recordings with ordinary excitation of the oscillations.
Frequently the number of points of industrial explosions is small, and they
are distributed nonuniformly over the terrain, which complicates their:use
in the operations attaining a system of hodographs. 1In the sounding pro-
cedure, this difficulty 1s overcome to a significant degree by using area
systems of observations and the application of a large number of simul-
taneously operating recorders. 1In many cases during mining operations the
directional blasts are used which excite shear stresses. Such blasts can
be sources of intense transverse waves. The recording of the latter jointly
with the longitudinal waves will permit us to obtain more complete data

on the morphology of the deep boundaries and physical properties of the
rock. 1In addition, as a result of the nonsimultaneous explosion of large
groups of charges practiced in a number of cases, their use is accompanied
by known difficulties. In particular, in the vicinity of Yakutia when
recording waves from blasts in the Mir and Aykhal diamond pipes where 10 to
25 groups of charges were exploded with a deceleration interval of 0.035 to
0.050 seconds, complex, difficult to interpret seismic recordings were
obtained.

The above-noted method of exciting the oscillations requiring the use of
heavy drilling rigs, deep bodies of water, the presence of appropriate
industrial blast points, far from always can be realized in areas which are
accessible only to helicopter transportation, under the conditions of the
development of permafrost and rock. Accordingly, for regional operations
in Siberia, an important role is played by the surface seismic sources with
area grouping of a very large number (many tens and hundreds) of small
charges in shallow (1-2 m) wells and bodies of water. Let us consider the
available experience in using such sources.

By the results of the experimental studies [37, 6, 69], the dependence of
the amplitude A of the seismic wave excited during simultaneous explosion
of a group of n unit charge on the main factors can be approximately repre-
sented in the form

4 =xK, Knp KKy Kn-Q,

where k is the proportionality factor; Q is the total mass of the charge.
The remaining coefficients are considered: Ky is the type of explosive;

Km is the physical-mechanical properties of the medium and its flooding;

K, is the depth of placement of the charge; Ky is the distance between unit
charges; K, 18 the number of unit charges,

For comparison of the effectiveness of the explosions of two charges which
are identical with respect to toal mass executed under different conditions,
we shall have the ratio

=
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CHAPTER IV. FIELD OBSERVATIONS AND INTERPRETATION OF MATERIALS
§1. Characteristic Features of Field Operations

Let us consider the problems of the field operation procedures using the
work experience in Siberia [50, 5%, 56, 60, 79, 68, 10].

Excitation of Oscillations

The reconnaissance prospecting seismic studies must be carried out in the
shortest possible time over large territories, often with difficult surface
conditions; therefore the solution to the problems of excitation of the
oscillations, one of the most labor-consuming operations, has great signifi-
cance. When working in Siberia, along with the methods of exciting waves
that are traditional in seismic exploration (explosions in wells, natural
bodies of water), industrial explosions [50] and explosions of a large number
of small charges in shallow (about 1 meter) wells [65, 66, 69, 114] were
used. The observation systems in the sounding procedure are more arbitrary
by comparison with the ordinary method of seismic profiling. Therefore
usually there is significant freedom in selecting appropriate places for

the oscillation sources. The sources can be placed at some distance from
the basic route, not necessarily at strictly defined distances from each
other or one source can be common to several soundings. As a rule, all this
permits successful solution of the problem of exciting the oscillations by
ordinary methods during operations even in inaccessible taiga, marshy and
mountainous regions. Under the varied-conditions of Siberia the blasts in
bodies of water (lakes, meanders) 4 to 10 meters deep turn out to be quite
effective for exciting waves at distances to 200-240 km from the recorders.
The required magnitude of the explosive charge concentrated as much as
possible with respect to area reaches 2 to 4 tons. In the areas where the
use of drilling equipment is possible, the excitation of the waves by explo-
sions in a group of wells 20 to 40 meters deep permits the weight of the
charge to be reduced by two or three times under such conditions. No more
than 100 to 200 kg of explosives was placed in each well, and the distance
from adjacent wells in the area group usually was about 15 meters.

For large industrial explosions, intense waves are excited which can be used
for studying the structure of the earth's crust and the tops of the mantle.
The experience in recording the waves from the blasts in the coal mines of
the Kuznetsk basin [50] indicates small difference of the seismograms
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Let us consider the probable ranges of variation of the coefficients for
the actual conditions of the new-surface blasts in the Siberian regions. -

The coefficients K, are identical in practice for the explosives widely used
in seismic operations (TNT, smokeless puowder, ammonite) [37]. The proper-
ties of the soil at the blast point essentlally influence its effectiveness:
the magnitude of the coefficient Ky for water-saturated clays and water
exceeds by more than 2 and 4 times respectively its value for drying loams
under other equal conditions [37]. On variation of the depth of submersion
of the charge from 1 to 10 meters the coefficient Kz increases by fourfoid
[6, 69]. It is possible to obtain an idea about the effect of the distribu-
tion of the near-surface blasts from the results of special experiments

with small charges in low-velocity zones [69]. It is usually noted that the
variation of the distance from 1 to 10 meters between charges of 0.4 kg
almost doubles the coefficient Ky, and further disperseness does not have -
a noticeable effect. The value of Ky varies with an increase in number of
charges in the group approximately as nl 3, that is, 1f the number of charges

is increased from 10 to 1000, then K, Increases by almost 5 times.

Taking the extreme values from the presented actual values of the coefficients,

we find that the effectiveness of detonating a charge of one and the seme

total mass can differ by almost 100 times. From this comes the importance

of correct selection of the parameters of the group surface sources. From

an analysis of the presented multiparameter experimental relations it

follows that it is possible to obtain a quite high seismic effect for various
types of surface explosions if we select their parameters correspondingly. -
This permits sufficiently flexible use of one type of source or another con- l
sidering the local conditions and production possibilities.

Group sources making use of lightweight charges in a large number of shallow
holes have found very broad application primarily in the vicinity of the

- Tungusskaya syneclise. The choice of the efficient parameters for such
sources is based on experimentally established relations for the amplitude
and frequency composition of the excited oscillations as a function of the
group charge parameters. As an example let us consider the relations (see
Fig 33) established [69, 70] in the southeastern part of the Western Siberian
platform for blasts in weathered arcnaceous-argillaceous rock with a longi-
tudinal wave velocity of 350 meters/sec. Reference reflected waves were
recorded at distances about 200 meters from the source using standard
selsmic prospecting equipment with wide-band frequency filtration without
a shifter and an automatic amplitude regulator with calibrated sensitivity.

It was demonstrated (see Fig 33, a) that the detonation of a concentrated
charge in a well about 1 meter deep essentially is more effective than
detonating the same charge on the surface and in procpecting holes 0.3-0.4 m
deep. At a fixed depth (1 meter) a significant increase in oscillation
amplitude is noted with an increase in the waight of the charge from 0.1

i to 2 kg; with a further increase in mass of the charge the gain in

) amplitude is insignificant (see Fig 33, b). The increase in oscillation
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Figure 33. Some experimental relations for the elastic wave
amplitude as a function of the group charge parameters

Dependence of the wave amplitude: a -- on the depth of the blast

hole, b --— on the mass of a unit charge in wells 1 meter deep,

c. —— on the dispersion of a charge of constant mass, d --

dependence of the maximum amplitude spectrum of the wave on the

number of unit charges in the group

Key:
1. hplast, meters
2. Q, kg
3. kg
- 4. fpaxs hertz
5. Qunit=const

amplitude approximately proportional to the cube root of the number of unit
charges has been established (see Fig 33, c) for a fixed total mass of the
charges (8 and 12 kg) distributed in the area group of wells at a distance
of 5 meters from each other.

- The study of the frequency composition of the oscillations has demonstrated
that the frequency has a maximum amplitude spectrum (£, ) in practice does
not vary with an increase in the number of charges in-the group from 10 to
100 (Fig 33, d). Here either the mass of a unit charge Q ;. OT the total
mass Qz was recorded, and the depth of the blast holes ang tﬁeir location
remained the same as in the preceding experiment.
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On the basis of the discussed experiments, a method of exciting oscillations
by blasts in large groups of holes L meter deep was created and introduced
into practice. The holes were drilled by light portable drilling rigs which
creates in practlce unlimited possibities for use of air transportation in
inaccessible areas for the operations. The method is suitable under perma-
frost conditions and in areas where rock has developed with thin surface
layers of loose deposits where the application of the traditional methods

of exciting oscillations is very difficult.

07 987
(1) U=2g00m 1
n =150wm
h=1x

ngs
CcT 34
1 =f0ru

Figure 34. Seismograms characterizing the effectiveness of large
groups of small charges in wells 1 meter deep.
a -~ comparison of the seismograms recorded during traditional and
distributed blasts; b ~- nature of recording regular waves at
different distances for detonation of 1000 charges of 2 kg each
in holes 1 meter deep

Key: 1. PV 00; ST 207, r=19.0 km, n=150, h=1 meter.
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The indicated procedure is basic for the regional study of the basement in
the vicinity of the Tungusskaya syneclise, where along with very difficult
surface conditions there 1s shielding of the deep waves by widely developed
trap formations. Groups containing up to 1000 single charges weighing

[-2 kg in holes 1 meter deep are used. The single charges are distributed
over an area in a rectangular grid with 3 meter spacing between them,
exceeding twice the radius of the crater formed. The group occupies an
area of up to 900 n?. The charges are detonated by a fuse. The intensity
of this group source is sufficient for recording waves at distances to
60-120 km. Seismic recordings from a group source and for more -ordinary
explosions in deep holes do not differ in practice (see Fig 34, a). The
standard seismograms with recordings of refracted and reflected waves
obtained in a section of the Nizhnyaya Tunguska River with large groups of
new-surface blasts are shown in Fig 34, b.

When investigating the basement in the southern part of the Siberian platform
(in the vicinity of the Nepskiy Arch) group charges have been successfully
used in shallow (1.5-2 m) natural bodies of water. A charge weighing about
700 kg is distributed in 20 to 30 parts with spacing between the individual
charges of 8 to 10 meters.

The method of exciting seismic waves by dropping bombs from aircraft [130]
in Siberia has not found sufficiently broad application as a result of its
organizational complexity and insufficient effectiveness at great (more than
150 km) distances from the source required for full~value studies bythe

deep seismic sounding method.

Equipment

In addition to the general requirements imposed on the seismic recording
équipment, during regional operations in inaccessible areas 1t must be
portable, it must have increased stability and a wide range of variation

of the parameters in view of the variety of seismological conditions of the
investigated areas.

The reproducible (magnetic) recording of the oscillations permittéd in

practice complete avoidance of repetition of the explosions and copying

with optimal amplification parameters for each traced wave and frequency
filtration considering the variation of the wave field characteristics.

The broad dynamic range of the equipment with magnetic recording greatly
facilitates the choice of the size of the explosive charges on extended

traverses with variable surface and subsurface conditionms.

These requirements are fully met by the Tayga equipment with magnetic
memory and remote control, the applicatlon of which has significantly
increased the effectiveness and the traverse and area operations in the
inaccessible parts of Siberia. For remote control usually powerful RSO~300
type radio stations are used which insure reliable remote control of the
recorders at distances of 300 km or more.
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In the initial phase of the operations, the rebuilt {130, 131] $S5-24P
seismic stations, the APMZ~ChM magnetic recording attachments and the
low-channel recorders made from series assemblies were used.

Low-frequency (with a natural frequency of 4 to 5 hertz) receivers of the
NS-3 and S-205 type are used as the seismic sensors. When recording

waves at large (200 km) distances from the source, expecially under unfavor-
able conditions of excitation of the oscillations, it is dmportant to

insure high sensitivity of equipment for which grouping of a large number

of seismographs is used (for the operations in Siberia -- up to 16
estimates per channel) with optimal electrical connection of them in the
group.

During the operations in the Tyumen' Oblast, the submerged seismic receiver
method was used [13] which with the help of a special container makes it
possible to locate the seismic receivers at a depth to 8-10 meters under
the loose deposits in the low-velocity zones. As a result, the microseism
background is almost completely eliminated, which in a number of cases
permits the amplification of the seismic recording channel to be increased
by 20 to 30 times. In addition, this method decreases the resonance
phenomenon in the seismic receiver and soil system, and 1t eliminates the
most absorbing surface layer of low-velocity rock from the path of trans-
mission of the waves.

Parameters of the Recording Device

The oscillations are recorded not at a point, but on a distributed (usually
~channel) linear or area installation of seismographs. This makes it
possible to isolate the regular cophasalness axes, exclude the irregular
oscillations from the investigation and estimate the values of the apparent
wave velocity, one of the basic discrete correlation wave attributes.

The length of the linear installation, especially for operations in
inaccessible terrain obviously must be not very great (no more than 1 km).
The experimental data (see Fig 35) on the ratio of the apparent velocities
of a defined wave corresponding to the recording devices of different
lengths with coinciding centers indicate that increasing the extent of the
installation does not lead to a significant decrease in the scattering of
the values of the apparent velocity.

Strict orientation of the installation with respect to the directior of the
blast point is not mandatory. Deviations of up to 10 to 15° are entirely
admissible, for this leads to insignificant (2-3%) distortions of the
apparent velocity. In inaccessible terrain, especially when using the area
sounding systems, it is not the linear but the X, T or T~type receivers

that are convenient, which permits the determination of the apparent velocity
independently of the direction of the blast peint,
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Figure 35. Accuracy of determining the apparent velocity as
a function of length (d) of the recording device
under the conditions of the Western Siberian lowland
a —- refracted wave from the intracrustal boundary and b -- from
the M boundary. The circles correspond to the individual
determinations of the velocity for different lengths of installa-
tion; the dotted line is the velocity over the entire hodograph.
Key:
1. vy, km/sec

The small number of seismic channels permits us to use a quite powerful

area grouping of seismographs (to 16 instruments per channel) to increase

the effective sensitivity and average the effect of the surface inhomogeneity.
Under the conditions of sparsely~populated areas, the basic interference
usually is the oscillations caused by the wind which are suppressed by

selecting the spacing between the seismographs in a group (about 15 meters
from each other),
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Observation Systems

The field operations are conducted on the sounding network and on parametric
profiles,

Z The parametric observations are usually made at the beginning of the studies
in a new area. Their primary goal was to study the wave picture, discover
the reference waves, the optimal regions for recording them and the discrete
correlation attributes. The tuning of the equipment, the methods of exciting
the oscillations and other problems are more precisely defined simultaneously.
The observations are designed to obtain one or several counter and open
hodographs under standard conditions for the given area. The profile line
is so far as possible located under simple conditions not intersecting
fracture zones. Usually piecewise-continuous observations are made on a
short profile with several blast points. The results obtained are used to
design the sounding network which can be traverse or area-type.

The sounding bases are selected in the region of most reliiable recording of
the traced waves. In order to insure the required completeness of investiga-
tion of the section, usually several sounding systems are needed with
essentially different bases (Fig 36). In the Uestern Siberian lowland the

- basement surface is studied by soundings by refracted waves with bases of
8-16 km, refracted and reflected wavés from the foot of the earth's crust
are recorded on soundings with bases of 180 to 200 km. The sounding system
for the intermediate refracting and reflecting boundaries has bases of
43~60 km. In the Siberian platform and in the exposed areas in the south
of Siberia, only the last two of the indicated sounding systems are used,
for the refracted wave from the basement surface is recorded here on sound-
ings with bases of 30 to 60 km.

When using refracted waves, the sonnding system must provide for construction
of the t(x, %) field along the investigated profile for the base range

(%) which permits characterization of the required depth interval. Thus,
when studying the earth's crust in the Baykal rift zone (including with the
goal of discovering the wave guide layers) the range of values without
soundings was 10-200 km, and the variation step size of the bases was

15-20 km.

In order to determine the velocities in the medium, it is necessary to have
no less than two field isolines t(x, &). Consequently, each sounding system
must include observations for two (nmot necessarily strictly fixed) bases

‘ 21 and %5 which correspond to the times t; and tp. The magnitude of the

! difference of the bases is selected beginning with the required accuracy of

5 determining the velocity for the given errors in the initial data.
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Figure 36. Sounding systems.

a —— for studying the surface of the basement by refracted
waves under the conditions of the Western Siberian platform;

b —- for studying the intracrustal boundaries and the M surface

By the recordings of the refracted waves, the boundary velocity is calculated
under the assumption that the slope angles of the boundary are small
- (s10°)

l,—1
v,zt’_t:.
@ "

Key: 1. boundary

Differentiating the last expression, we find the relative errors in the
boundary velocity meogndary/vboundary caused by the errors in measuring
- distances my and the time mi:

o) _ (IV.1)
_ Vp 5 - l' - lx b )
) m'r oY) 2 ’
(TS« L (Iv.2)

Key: 1. boundary

Considering the errors to be independent, let us determine the total error

m
op 1

_ D) 3
e e VIR,
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]/2 (vﬁm,z-{- mf)
=l =g
o' ’r

(IV.3)

Knowing under specific conditions the mean values of the errors in measuring
the distances and times of arrival of the wave, it is possible to use this
formula to find the difference in the bases insuring determination of the

value of Vhoundary with an error not exceeding the given value of

mvboundary vboundary'

Analogously, for soundings by refracted waves we have:

(ﬁ) _—T . (1V.4)

v =) V2

(ﬂ) _ vim, ' (IV.5)
v T = Y2

where v is the velocity in the covering medium, 2 and t are the mean values
of the bases and times,

The final formula for calculating the required base difference has the
form

Vu‘?’m‘z +m?

L—l~
?TVE

(IV:6)

The formulas for the reflected waves are valid when the base difference is
several times less than the base itself.

Taking the admissible error in determining the velocity equal to 3-4%,

we find that when studying the basement surface of the Western Siberian
platform a base difference of 4-5 km is needed. When investigating the
deeper boundaries the soundings must have a base difference of 20 to 40 km.
The error in measuring the distances is taken equal to 100 meters, and the
time error, no more than one oscillation phase.

In the inaccessible terrain it is not always possible to have soundings
strictly along a straight line. Let us estimate the admissible deviations
of the sounding centers and the directions of their bases from the profile
line. The shift of the sounding to the positlon parallel to this line leads
to a change in time of the traced waves 1f the profile is deflected from
the direction of dip (ascent) of the boundary, The case of orientatiom

of the profile along the strike direction is the most unfavorable. Let

us make estimates for this case. Shifting the sounding a distance Ay
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leads to a change in depth to the boundary by the améunt Ay sin ¢, where ¢
ls the true slope angle of the boundary. The corresponding variation in
time for the refracted wave 1s

Dt = 2Ay \/;}17—— ':E - sin @. (Iv.7)
r

In the case of a reflected wave

at =L VEGET Aysmor + P— VI TPl (IV.8)

Usually within the limits of each block of the earth's crust the deep
seismic boundaries have small slopes (no more than 5°). The calculations
by the presented formulas indicate that under these conditions with a
shift of the soundings to 5-10 km the variations in time are small (less
than one oscillation/period). For large deviations the distortions can be
considered after determination in the first approximation of the elements
of the spatial occurrence of the boundaries.

The effect of the deviation of the sounding base from the profile line by
some angle y (the center of the base on the profile oriented with respect

. to the strike of the boundary) can be determined by using formulas (11.51)
and (II.53) for a surface time field. The corresponding graphs for the
reflected and refracted waves presented in Fig 37 can serve to estimate the
distortions under specific conditions. For the usually encountered slope
angle of the deep boundaries (¢<5°) angular deviatioms to 45° or:more are
admissible, for the distortions that occur, as a rule, are appreciably

- less than 0.05 seconds. :

The presented estimates pertained to the case of a plane boundary which is
close to the actual conditions if the investigated sounding is within the
1imits of one block. On the boundaries of the blocks, as a rule, the deep
structure is complicated. In such sections, which usually appear in the
anomalies of natural geophysical fields, it is necessary to strive for
minimum deviations of the soundings from profile line.

Let us consider the area sounding systems which are realized in several
versions depending on the conditions of the terrain, the peculisrities of
the deep structure and the reguirements on the operating results.

1. The arbitrary location of the soundings with respect to each area is
a set of arbitrarily oriented soundings arranged with the required average
density. The sounding bases vary within some range, which permits construc-

tion of the field t(%, y, &) in the form of two or more isochron maps
for fixed bases. For economical field operations it is expedient to make
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Figure 37. Estimation of the time distortions for angular
deviation of the soundings from the profile
line in the cases of reflected (a) and
refracted (b) waves

each source and receiver common to several soundings. This system is
preferable as a result of its opportunities for realization under very
difficult surface conditionms.

2. Area profile element systems. The profile element is made up of three
soundings (Fig 38, a), by the data of which the time andboth of its gradients
are determined. Various combinations of profile elements are possible in

the observation plane. It is convenient, but not economical to have
arbitrary (with given average density of the centers) arrangement of the
elements. It is more convenient to arrange the profile elements so that they
will form a network of closed polyhedrons adjacent to each other inm the
terrain. Here the sources and part of the receivers are located at the
corners of the polyhedrons, and they are used a multiple number of times in
several soundings. As an example in Fig 38, b we have a segment of the

area sounding network made up of rectangles. For uniformity of placement

of the points at which the parameters of the medium are determined, a diagomal
element is introduced. This sounding system is used for area study of the
basement in the southern part of the Western Siberian platform. When study-
ing the basement surface in the territory of the Tyumne' Oblast, the sound-
ing systems By, B2, Ej and E2 have fourd application as the profile elements
(see Fig 23, Chapter II, §4).

An example of the set of profile elements used for the area studies of the
surface of the mantle by reflected and refracted waves in the vicinity of
Lake Baykal is presented in Fig 39. . Five blast points are located om the
southeast shore of the lake, and the recelving stations (controlled by the
Tayga recorder radio) were located within the limits of the Irkut amphi-
theater and along the shores of the lake. Each profile element was made
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Figure 38. Diagrams of the area observations

a ~- profile elements of the area sounding system; b —- fragment
of the rectangular network of profile elements; 1 —- blast
points, 2 —- receiving stations; 3-— sounding centers

Figure 39. Area system of soundings used to study the surface
of the mantle by reflected and refracted waves
in the vicinity of Lake Baykal R
1 —- blast point; 2 -~ recording station; 3 -« boundaries of
the Baykal rift zome according to V. P, Solonenko.

1. Lake Baykal
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! up of soundings with orientation of the bases located in a defined strip
' differing little from each other. The magnitudes of the bases were
170-240 km.

i 3. The area system of sounding profiles usually is used for operations
with increased detail. The required sounding system is developed in each
profile. The basement of the profiles in the terrain is determined by the
problems of studying specific sections.

In practice the investigated versions of the area sounding systems are
used in one combination or another.

Substantiation of the Density of the Sounding Network

When selecting the density of the soundings it is necessary to take a number
of factors into account which can be reduced to the following three groups.

1. The peculiarities of the structure of the reglons including the dimensions
of the structures which are the objects of investigation.

2. Various types of errors occurring during observation and interpretation.
Among them it is necessary to distinguish the errors of a random nature

and systematic errors usually connected with idealization of the structure
of the medium.

e 2 -b Sp

c
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- Figure 40. Determination of the density of the sounding network

3. The admissible level of distortions of the structural forms and velocity
distribution. To a significant degree this level is determined by the
goals set for the investigated studies.

We shall consider that the errors connected with idealization of the medium
are reduced to a minimum by using the corresponding interpretation methods,
First, for simplicity we assume that the errors of a random nature are

: small by compariscn with the amplitudes of the explored structures (or

. the velocity distribution anomalies). The density of the network will be

determined beginning with the admissible magnitude of the distortions in

the relief of the seismic boundary (the velocity distribution with respect
! to the profile),
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Let the series of soundings with the interval Axy between their centers

be located on the profile. By the soundings we find the values of the

depths z(jdxg). For determinacy we shall consider that the boundary relief
_ 1s obtained by discrete values using the V. A. Kotel'nikov series [109]:

+o0 sin - (z — JAzy)
Az
= .A 0
2(2) _E.w (A=) —_A“ (z— jAzy)
Zo

The obtained relief lines z(x) will differ from the true one even if the
values of z(jAxqy) are found exactly. The error, which depends on the
observation step size, can be estimated by the inequality proved by

I. T. Turbovich [106, 111] for functions with relatively quickly decreasing
spectrum

— e 400

. st fis@pae

e , (1v.9)
2n j 2 (z)de

where y is the mean square value of the indicated error, p is the mean
square value of the function z(x), S(w) is the spectrum of the curve z(x),
wp is the boundary frequency equal to n/AxO.

As the function representing the outline of the vertical cross section of
the geological structure let us consider the relation

— 41n 100 o 4
z2(z)=ae O 7, .(IV.10)

where a is the amplitude of the structure, b is the width on the 0.0l a level.
This function, called a "bell" function permits approximation of the

simplest geological structures (Fig 40, a). Depending on the sign of a,

we have an uplift or a depression.

For the function (IV.10) let us find the expression which enters into the
- righthand side of the inequality (IV,9),

B . _ B, ¥ sath (IV.A1)
+S pe=2t{e 7 = 5w

0
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! Let us determine the spectrum of the functions z(x);

+x 41n {nn
—a-ntm .,

S(w)=a Y e v e=iox g VA ab .

—_ 2 V‘Iﬂ 100

For the expression in the numerator of the righthand side of the inequality

(IV.9) after transformations we obtain

— @y +o0

/T
S () %de S *d ___ﬂlﬂah[——((JL\
_5;,1 (©)] +,;£‘ @Pdo = S|t - @ 2V T o) |
where ' \
D (u) = L)"e—"dt
Va

is the Laplace function for the probability integral,

As a result of substitution of expressions (IV.11) and (IV.12) in (IV.9)

we find

©
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e [1 @ (2 ¥21n 100

The mean square value p of the function z(x) will be determined by the
interval (-M, M), where this function differs significantly from zero.

Requiring that

[lerfa—flerpa
b < 0,005,

[ e[ ar
e

by the tables of the probability integral we find:
the function of interest to us (Iv,10), we obtain

‘ b
i M= y5im

| Considering the equality (Iv.11) we find
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Substituting the expression obtained in the inequality (IV.13),we finally
transform it:

Z’_:g}fﬁp_q}(é?;l‘ﬁ %)J (1V.14)

Expression (IV.14) gives the maximum estimate of the desired value of the
distortions of the seismic section as a function of the density of the
discrete operation network (Axp) and the parameters of the structures (a, b).
The graphs (see Fig 40, b) calculated by the formula can be used to select
the maximum step size of the observations under the specific conditions

by the given magnitude of the admissible distortions. Let, for example, the
object of investigation be an uplift of width (b) on the order of 10 km.
Distortions of no more than 10% of the amplitude of the uplift (y/a=0.1)

are admissible. By the given value of y/a we find: b/Axp=3.8. Conse-
quently, the distances between the sounding centers must not exceed the
value of Ax(p=10 km: 3.8I2.6 km.

It was proposed above that the amplitudes of the structures significantly
exceed the errors at depths with respect to magnitude. In practice this

is not always satisfied. When investigating the structural forms, the
amplitudes of which are commensurate with the errors of the unit determina-
tion, additional thickening of the sounding network can be required.

The error distribution in the determination of the depths by the soundings
located along the profile at an interval Ax can be considered as a function
in the form of adjacent rectangles of identical width (Ax), the height of
which is equal to the error at the given point. For this case the following
expression is obtained for the spectral density of the error of a random
nature [38]:

.o 0AZ
G2z ) sin® -

n ( mAz)z L]
2

where o 1s the mean square error,

From the last expression it follows that decreasing Ax leads to lowering
the spectral density of the random errors in the low-frequency region. This
fact permits attenuation of the effect of the errors by introducing the
filter which does not transmit -the frequencies above some boundary value

wg. For fixed magQitude of wg, the error filtration will be more effective,
the smaller the step size of the observation network.
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As a result of this filtration,l the expression for the error (0¢) assumes
the form

Lo ging
2 Az sin 3
0p =0 —
e=07 ohs\a 40
0 (2)

2 cosnT— —1
Oy 2 A . Ax
- = __.Z’::—-E-Sl(n-[i-x-o) . (IV.15)
2 .
AZQ

In the graph (see Fig 40, c) calculated by formula (IV.15) it is obvious
that in order to cut the effect of the random errors in half it is necessary
to increase the density of the network by 3 times. Considering that the
assumption used as the basis for the derivation regarding the mutual
independence of the errors for various small values of Ax in practice
usually 1s not satisfied, it is necessary to increase the density of the
observation network to some limit which depends on the error correlation
radius.

The value of Axy determined by the graph in Fig 40, b is selected so that
the above-investigated conditions of admissible distortions of the structural
forms will not be violated.

The practical use of the relations obtained is illustrated in an example.
Let it be required that the step size of the sounding network be found when
prospecting structures with parameters a=150 meters, b=10 km. The

accuracy of the single determination 0=120 meters. Let us require that -
the errors in the seismic section:not exceed half the amplitude of the
structures (0¢=75 meters). Initially, let us determine the magnitude of
AxQ. By the graph in Fig 40, b, for y/a=0.5 we find: b/lxp=2. Conse-
quently, Axp=10 km x 0.5=5 km. Then by the graph in Fig 40, c, for

0g/0=75 km: 120 m =0.63 we determine: Ax/Ax0=0.42 Hence, the desired
distance between the sounding centers Ax=5 km x 0.42w2.1 km.,

Along with the other methods of [95], the discussed examples can also be
used to calculate the density of the area observation network inasmuch as
the latter can be represented as a series of mutually perpendicular profiles,

1For practical realization of this filtration when processing geophysical
data see [38].
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During the reconnaissance prospecting studies, the sounding network density
is determined in accordance with the general problem consisting primarily
in discovering the blocks of the earth's crust 100 km or more across. When
studving the upper part of the earth's crust (the basement surface of the
platforms and boundaries close to it) the requirements of geological prac-
tice are taken into account (for example, the tectonic regionalization of
the territory in connection with oil and gas prospecting). As an example
let us present data on the average density of the soundings during traverse
studies in Siberia. The spacing between the sounding centers to study the
surface of the basement (in the Western Siberian lowland) was 3 to 5 km;
when investigating the internal structure of the consolidated crust it was
10-20 km, the Mohorovicic discontinuity, 20-30 km. In the complex sections
of greatest interest (the zomes of articulation of the blocks of the earth's
crust, in the Baykal rift zone, the region with anomalously low velocity

on the surface of the mantle), the sounding network was made more dense.

§2. Discrete Correlation Methods

The discrete wave correlation during seismic sounding, the basic principles
of which were investigated in §3 of Chapter II is always based to one degree
or another on the a priori information about the structure of the wave fields
and the nature of the investigated media. Therefore the possibility of
performing a discrete correlation appears only in a defined phase of the
study of one region or another or the type of objects where data are accumu-
lated on the basic laws of the tectonic structure, the nature of the wave
guide picture, or the peculiarities of the distribution of the elastic
parameters in the medium.

At the present time, for contimental areas there is a sufficiently large
amount of information about the wave field and the seismic models pertain-
ing primarily to the roof and the foot of the consolidated crust (the
surface of the basement of the platforms and the Mohorovicic discontinuity).
It was obtained as a result of detailed seismic studies during the KMPV
refracted wave method and deep seismic sounding operations under various
conditions and it was generalized and classified to a significant degree
[17, 43, 81]. Obviously, these generalized concepts require refinement

and more specific definition in each area. Therefore, before the beginning
of work, an analysis is made of the materials of the preceding geological-
geophysical studies in the given and adjacent territories, information is
brought in on the other areas with similar geological situations. The
purpose of the analysis is to select the basic attributes of the discrete
correlation, establish the relations between them with construction of the
corresponding histograms and correlations. An example of substantiation

of the attributes pertaining to the problem of studying tke Mohorovicic
discontinuity is presented in reference [137]., Usually it is possible in
this way to obtain sufficient information for reglonally widespread
boundaries (the surface of the basement of the platforms and the foot

of the earth's crust).
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A number of attributes, basically wave attributes, are sustained in limited
areas., For substantiation of them it is admissible to have available primary
materials from seismic studies in the given region. If there are no such
materials, then the operations in the field begin with the so-called para-

_ metric soundings (piecewise-continuous profiles with a small number of
blast points). As a result, the reference waves, the optimal regions of
recording them, the wave attributes of the discrete correlation are planned.
During the course of the field operations tiiese data are more precisely
defined. ’

Discrete Correlation Methods

Let us discover the basic features of the process of discrete correlation
based on the experience of seismic studies in Siberia.

- The actions of the interpreter can be divided into three basic phases:
1) isolation of the light waves on the seismograms; 2) analysis of the
matching of the set of seismic recordings; 3) critical estimation of the
seismic sections obtained, the velocity distribution in the medium and
their correspondence to the other geological-geophysical data. The correla-
tion is carried out during the entire interpretation process. Nonmatching
discovered and subsequent steps makes it necessary to return to the seismo-
grams and estimate the other versions of the wave identification.

First Step. A successive study is made of the individual seismograms.

The traced wave (or group of waves) is isolated only by the wave attributes.
The most typical of them are the following: the time of arrival of the
wave (considering the magnitude of the sounding base), the mutual arrange-
ment of the wave on the seismogram, the values of the apparent velocities
and their relation for several cophasalness axes, the amplitudes of the
oscillations with respect to the "background" and other waves. As a rule,
primary significance is attached to one or two attributes. The remaining
attributes are used in "unified" form, forming the concept of a generalized
wave picture for the interpreter with which he compares each of the analyzed
seismograms as a whole.

As an 1llustration let us consider the characteristic seismograms of sound-
ings with wave recordings from the basic reference boundaries in the earth's
crust in Siberia.

The refracted wave from the surface of the folded basement of the Western
Siberian platform (Fig 41) is reliably isolated immediately after it becomes
one of the first arrivals for bases equal to triple or quadruple the depths
to the basement. The primary wave attributes are the following; the
apparent velocities usually are within the range from 5,0 to 6.5 km/sec,

the oscillation amplitude is smaller, and the apparent velocity 1s larger
than for the subsequent wave refracted on the boundary in the sedimentary
mantle. The presence of a "fan" of cophasalness axes located with removal
from the source is characteristic for the seismograms as a whole,
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Figure 41. Sounding seismogram when studying the surface of x

the mantle of the Western Siberian platform. 1In the first
arrivals, the refracted wave from the surface of the basement;
in the subsequent part of the recording, waves from the
boundaries in the sedimentary mantle.

The reflection from the boundary at a depth of 20 km with a sounding base
of 40 to 60 km (Fig 42) is recognized primarily as the first wave with high
(more than 7.5 km/sec) apparent velocity. The preceding cophasalness axes
are characterized by smaller (usually no more than 6.5 km/sec) velocities.
The attribute of the ratio of the apparent velocities is quite reliable
also when the investigated wave is commensurate with respect to intensity
with the adjacent oscillations. The time difference of arrival of the -
reflection in the wave in the first arrivals in the given seismograms
within the limits of the uniform block is quite stable.
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Figure 42. Seismograms of the soundings when studying the
internal structure of the consolidated crust of the Western
Siberian platform. In the first arrivals, the refracted wave
from the boundary at a depth of about 10 km; in the. subsequent
part of the recording, reflection from the boundary at a

depth of 15-20 km,
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The isolation of the waves from the Mohorovicic discontinuity (see Fig 43)
in the tranmscritical region (180-200 km from the source with a thickness

of the crust of 35-40 km) is facilitated by the fact that on one seismogram
- it 1s possible jointly to investigate the refracted and reflected waves
from this boundary. The number of stable attributes increases. Let us
enumerate the basic attributes (the corresponding histograms are presented
in reference [137]): the times of arrival of the waves and the magnitude
of their difference for the reflected and refracted waves are sustained;
the apparent velocity of the refracted wave in the first arrivals is close
to 8 km/sec, and for the transcritical reflection, 7 km/sec; the ratios

of the apparent velocities and the amplitudes of the refracted and reflected
waves are stable; the magnitude of the first ratio is greater than one,

and the second, less than one; the apparent oscillations periods for the
reflected wave usually are somewhat larger. The mentioned attributes of

. the waves are characteristic for many continental regions.

As a result of the first correlation steps, the "groundwork” is created
subject to checking and more precise definition during the subsequent
analysis. Doubtful sections with several competing versions of the wave
identification are especially isolated. .

Second Step. The analysis of the matching of the set of seismic data is
realized basically by the physical and geological attributes. It can be
performed by two methods. In the first case after construction of the

3 section and determination of the velocities, the parameters of the medium
obtained are compared with the corresponding histograms and the correlations
of the physical and geological attributes. This approach agrees with the
previously introduced division of the attributes into groups.

The other method requires additional transformation of certain attributes,
permitting all of the groups of attributes to be encompassed and the
effective methods of controlling the correlation to be used. A study is
made not of the values of the velocities and the sections, but the fields
(t(x, 25) and the montage of seismograms. The essence of the analysis of
the set of data lies in the following. The variability (gradients) of

the kinematic and the dynamic wave characteristics is determined for varia-
tion of two parameters: the sounding base (&) and the position of the
sounding centers (x) on the profile, On variation of one of the mentioned
parameters the second is fixed. When comparing the gradients obtained
with the corresponding histograms, the degree of reliability of the investi-
gated version of the correlation is estimated for the seismograms, by the
data of which the gradient is determined.

The variability of the dynamic characteristics is determined by the

montage of seismograms. It is not necessary to go to the gradients in

the strict understanding. It 1s possible to consider the difference in
values of the relative amplitudes, periods, the duration of the oscillations
and other characteristics for closely located soundings with different
bases and also for adjacent sounds with bases that differ little.
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Figure 43. Sounding seismograms when studying the foot of
the earth's crust in the southern part of Western Siberian
platform (a, b) and in the Baykal rift zone (c). In the
first arrivals, the refracted wave, in the subsequent part
of the recording, the transcritical reflection.

For analysis of the time field the physical and geological attributes are
recalculated to the time field parameters. For example, the velocity
histograms of the elastic waves and the slope angles of the boundaries

can be converted respectively to the histograms of the vertical and hori-
zontal gradients of the time field by the formulas (II.37-1I.41). It is
possible approximately to determine the ratio of the relief of the different
values by the ratio of the form of the lines 2j=const for the corresponding
waves.

Let us briefly consider the methods of monitoring the correlation by the
time field which must be regular, The recoils of the individual points,
the intersections of the isolines, as a rule, are caused by the wave
identification errors,
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For media that are not very complex, the time field is characterized by
defined laws which must not be sharply violated in the case of proper

correlation. The vertical gradient (dt/dl)xnconst of the time field of

the head wave remalns constant for different ? if within the limits of the
i maximum sounding base the observation surface and the interface are flat,

and the velocities in the medium do not vary. In the case of reflected

waves, the value of (dt/dl)x_const increases with an increase in the bases.

For the refracted waves, the vertical gradient of the field decreases with
an increase in %. It is obvious that it is possible to use the enumerated
laws investigated in detail in Chapter II, 52, if the time field contains

more than two isolines.

An effective method of control is comparison of the values of the apparent
velocity determined by the seismogram and calculated by the time field.
The formulas (II.42) correct for any monotypic waves are used for the
calculation.

The time field of the reflected and refracted waves for certain restrictions
imposed on the model of the medium is determined by assignment of only two
lines f=const. Therefore recalculation of the field with variation of the
bases discussed in Chapter II, §2, is possible. Comparison of the recal-
culated values of the times will permit estimation of the matching of the
set of data,

Third Step. The third step includes a comparison of the section. of the
earth's crust obtained with the data of the other geophysical methods and
estimation of the geological reliability of the results.

Inasmuch as the structure of the earth's crust is depicted in a number of
geophysical fields (gravitational, magnetic and so on), the matching is
natural at least in general features, of the seismic results with these
fields considering the known correlation between the corresponding physical
properties of the rock. It is preferable to consider the physical filelds
themselves and not the results of the geological interpretation which fre-
quently are ambiguous and depend strongly on the concept of the interpreter
which is not always clearly stated,

The matching index of the seismic results with the gravitational field gives
low intensity of the residual anomalies of this field. The residual
anomalies are obtained as the difference between the observed values and
the values calculated by the seismic section, Here use is made of the

i known, quite close correlations between the velocity of the longitudinal
waves and the density., The admissible value of the residual anomalies is

- estimated beginning with accuracy of determination of the depths and the
; velocities achieved for regional seismic studies,

- The discrete wave correlation in the contact zones of the Inhomogeneous

i blocks of the earth's crust is the most complex, Here the velocities and
depths of occurrence of the interfaces vary sharply as a result of which
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the smoothness of the form of the time field lines is disturbed, and the

- values of the series of correlation attributes can go beyond the fiducial
limits. The coordination with these sections of the linear zones of
intensive positive magnetic anomalies, gravitational "steps," sharp
changes in structure of the natural fields i1s considered as an indirect
confirmation of the possibility of anomalous values of the correlation
attributes. Similar seismic "anomalies" not appearing in the magnetic and
gravitational fields can be caused by correlation errors and require criti-
cal reexamination.

When estimating the geological reliability of the results, the interpreter
and seismic explorer uses the method of analogies with other, well investi-
gated regions, which is widespread in geology. The detected significant
differences in the structure of the earth's crust cannot be wholly referenced
to the correlation as a result of errors, but they are sufficient for check-
ing the identification of the waves in the corresponding section.
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Figure 44, Sounding seismograms along the Angara’ traverse
(the western part of the Siberian platform) with estimates
() of the reliability of the discrete correlation,

Let us consider an example of the indication of certain methods of discrete
correlation in the sounding material with respect to the profile along the
broad course of the Angara River (the western part of the Siberian plat-

, form) [60]. 1In this regilon parametric observations were first carried out
for distances from the source from 35 to 70 km. On the recordings obtained
(see Fig 44, a, b) a reference reflection was isolated, which is the first
intense wave on the seismogram having increased apparent velocity of 7.5-
9.0 km/sec. These peculiarities were taken as the basic wave attributes
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for tracing the reflected wave in the sounding system with bases of 40~70 km
(Fig 45, b). By the above-~mentioned wave attributes the reflection is
isolated quite reliably in the majority of soundings (Fig 44, c, d, e)

with the exception of sounding 4 where three versions of the correlation

are possible (I, II, III).

By the results of the first step in the correlation the time field is
constructed (see Fig 45, a). From these competing waves in sounding

No 4 only case II corresponds to the regular field. The other versions
of correlation apparently are erroneous, for they lead to disturbances of
the similarity of the shape of the isolines, regular varilation of the
magnitude of the vertical gradient and the corresponding values of the
effective velocities and depths.

The obtained results of the interpretation (Fig 15c) are entirely plausible,
The uplift of the reflecting boundary in the easterly direction agrees with
the shape of the isoline of the stratal velocity im the mantle obtained by
the refracted wave data. The high value of the effective velocity (5.8
km/sec) does not contradict the magnitude of the stratal velocity and the
known petrographic composition of the rock (the tight sediments, penetrated
by trap intrusions). :

The high effectiveness of the above-discussed methods of wave identification
was confirmed by comparison with the results of the continuous correlation
under various conditions. The comparison was made by the materials of the
continuous deep seismic sounding profiles in Central Asia, in the southern
part of Western Siberia, in the Urals and Ukraine (the Carpathians, the
Donetsk depression). For the reference waves from the sustained boundaries
(the basement surface,the Mohorovicic discontinuity and certain boundaries
inside the consolidated crust) the divergences with the continuous correla-
tion, as a rule, were no more than one or two oscillation phases.

Formation of the Discrete Correlation

The reliability of the discussed nonformalized approach to the wave corre-
lation of the soundings depends to a great extent on the experience of the
interpreter, who to some degree always is subjective in his estimates.

A study is made below of the problems of obtaining objective, quantitative
estimates of the reliability of the wave identification in the individual
steps of the discrete correlation, Moreover, during reconnaissance pros-
pecting deep seismic studies, the role of the interpreter must remain quite
active inasmuch as at the present time there is still much unexplained in
the problems even of the common features of a model of the earth's crust
and the nature of the recorded wave field, Tt is also necessary to consider
the significant variability of the conditions on the extended regional
profiles.
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Figure 45. The Angara deep seismic sounding traverse.

a -— time field of the reflected wave with reliability estimate
of the discrete correlation; b -~ observation system;

c -—- seismic section.
Key:
1. km/sec

Formalization of the Attributes,

material possible, the histograms are constructed for each attribute.

Using the greatest amount of statistical
For

all of the attributes the grouping interval on the histograms is uniquely

selected,
tion of each attribute,
tionally comnected attributes,
and the difference in the time
seismograph installation,
these attributes,

It can be taken equal to a defined part of the standard deflec-
Obviously it is necessary to use all of the func-

for example, such as the apparent velocity

of arrival of the wave at the edges of the

It is sufficient to limit ourselves to one of o
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Figure 46. Example of the transition from the correlation
of two attributes (a) to the histogram (b).
t — reflected wave time; At —- difference in reflection time
of the wave in the first arrivals on one seismogram,
Key:
1. sec

The correlations between the attributes are conveniently represented in

the form of a histogram of the deviations from the regression line. The
procedure for transition to the histogram is clear from Fig 46 where the
relation is depicted between two attributes of the wave (the time of
arrival and difference in times of the reflected and refracted waves
correspondingly), as a function of the intracrustal boundary in the Western
Siberian lowland. The same histograms must be used jointly with the
corresponding regression lines.

The attributes are not equivalent with respect to their significance.
Therefore the problem arises of determining their weight coefficients Y.

An estimate is made below of the "weight" of the attribute by the results

of their tests on materials with known proper version of the correlation
(standard). As the standard it is better to take the results of the con-
tinuous correlation or the version of the discrete correlation obtained
jointly by several experimental interpreters. The tests consist in identify-
ing the wave only by one attribute. The ratio of the number of coincidences
with the standard to the total number of tests is investigated as the

weight coefficient of the given attribute, The weights of the jointly

used attributes are normalized so that their sum will be equal to one.

As an example, let us present the weight coefficients for the wave attributes
pertaining to the reflected and the refracted waves fron the Mohorovicic
discontinuity in the tramscritical region of distances from the source
(170-200 km) in Western Siberia. . When testing on 50 seismograms the
following attributes received identical weights (y=0.15): the times of
arrival of the waves, the time difference, the magnitude of the apparent
velocities and their ratio considering the distance from the source. The
attribute of the amplitude ratio of the reflected and refracted waves

has smaller weight (y=0.10).
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Let us consider the two systems for estimating the reliability of the
wave generation, These systems include quite simple algorithms which are
available for use under field conditions without the application of
computers.

System I. The attributes of the correlated wave and their interrelations
are given in the form of histograms. The characteristics of the competing
waves are unknown. The reliability of the generation of the wave with
respect to n attributes is estimated by the value of the "total probability"
P:

};5". (IV.16)

..M=

_L
n

where Yy and P. are the wave coefficient and the probability (frequency)
of the ] -th at%ribute respectively. The value of P. is picked up from the
histograms for the given value of the attribute. Tge histograms are nor-
malized so that the total of the products of the maximum probabilities of
each attribute times its weight coefficient will be equal to one.

"
}_‘,1 ¥1Pjmax = 1. ~(IV.17)
=t .

With this normalization the values of P will be included in the interval
from 0 to 1. The wave which maximizes the function P is taken as the

desired wave on the given seismogram. The generation of the wave is con-
sidered to be more reliable the larger the value of P, The fiducial inter-
vals for the function P are best determined by comparison with the continuous
profiling results. The generation of the. wave can be provisionally con-
sidered reliable for 0.6<P<l, satisfactory for 0.12<P<0.6 and unreliable

for P<0.12.

System II is based on using the "holotype" algorithm [18]. The essence of
- the operations consists in the following, From among the seismograms

on which the investigated wave is reliably generated, the most typical

recording of this wave called the "holotype" is selected. The reliability

of the discrete correlation is estimated by the degree of closeness of the

waves to the "holotype."

The seismograms used to select the "holotype" are compared with each other,
and as a result, the coefficient of their similarity with respect to each
attribute is defined

o

. |
o0 =1 =Ll av.18
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Here p and q are the numbers of the compared seismograms, j is the number
of the attribute,m(j) is the number of the intervals in the range of values
within this attribute, a) and af are the order numbers of the attribute
intervals into which the”seismograms p and ¢ fall.

Then the similarity coefficients are calculated for each seismogram by the
set of all n attributes considering their weight coefficients (Yj)'

n

w(e. 9) = = Jvilp, q). | (1v.19)

1=l

The minimum u+(p), maximum u++(p) and arithmetic mean ﬂ(p) values of the
similarity coefficient are found for each seismogram; the typicalness
coefficient is calculated:

- B -
n0) = e (Iv.20)

The seismogram with the largest typicalness coefficient is taken as the

"holotype." Let us denote its order number by r.

The reliability of generation of the wave on each new seismogram (s) is
estimated by the similarity coefficient u(s,r) between the investigated
wave and the "holotype." The value of u(s,r) is calculated by formula

(Iv.19). 1If u(s,r)2u+(r), the wave is considered identically reliable.
For u(s,r)<pt(r) the identification is unreliable.

The above-presented description of the systems for quantitative estimation
of the correlation was presented as applied to the first step -~ generation
of the waves on the seismograms. The same estimates can also be made in
subsequent steps for the set of soundings, sections of the time field and
seismic section. Examples of the quantitative estimates for the set of
soundings are investigated in detail in reference [33].

Let us point out some differences in the investigated systems for estimating
the correlation. In system I it is necessary to have mass preliminary data
available to construct the histograms of the attributes. Therefore it can
be used for sufficiently well studied areas where a defined quantity of

data has been accumulated on the basic attributes.

System II is convenient for the fact that it can be used in the initial
phase of operations in the new area. Of course, the danger of selection

of an insufficilently standard object as the "holotype" by a small number of
initial data is not excluded. -

Both systems have been tested on the materials from deep seismlic soundings
in Western Siberia, and no significant differences in the results have been
noted with respect to one procedure or another. In the overwhelming
‘ majority of cases the estimates correspond to the decisions of experienced
‘ interpreters, and they significantly facilitate the choice of the defined
version of the correlation in rimplex sections.
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Let us illustrate system II in the previously investigated example of
correlation of the reflected wave with respect to the Angara profile. The
conditions in this section were for the most part new, and sufficient
statistical data were not available.

The "holotype" is determined by five seismograms on which the wave is
generated quite reliably. The following wave attributes are used: the

time of arrival of the reflection (considering the size of the base), its
delay time with respect to the wave in the first arrivals, the magnitude

of the apparent velocity of the preceding waves, the ratio of the oscillation
amplitude of the reflected wave to the mean amplitude of the "fan" on the
given seismogram. The seismogram (Fig 44, b) with the value'u+(r)=0.53
turned out to be the "holotype,"

The correlation is made with respect to the maximum similarity coefficients
u(s, r) for competing waves on each seismogram. The values of this
coefficient are written in the time field and on the seismograms (see

Fig 44, 45). All of them exceed the value of u (r). The three versions

of wave generation (see Fig 44, e) have essentially different similarity
coefficients: 0.45, 0.72 and 0.23. The second version is taken as the
reliable one.

§3. Interpretation Procedures

The procedures for determining the velocities of the élastic waves and the
depths of occurrence of the seismic boundaries by the materials from the
traverse and area sounding systems are based on principles discussed in
Chapter II. Let us consider these procedures for reflected and refracted
waves and also for joint use of the waves of different types. For each of
the mentioned waves first the calculation formulas are presented in the

case of the simplest model of the medium, and then the methods of interpreta-
tion are discussed for the more complex model. A study is also made of some
of the methods of using the dynamic characteristics of the waves as applied
to the spot sounding material.

Traverse Observations

A two-dimensional field t(x, %;) or tz(x, 22) is constructed by the results
of the observations along the traverse, and by this field the velocity
distribution in the medium is found and the position of the seismic boundary
is determined.

Reflected Waves. The calculation formula for determining the velocity v
in the covering medium is obtained from expression (II.37) by transition
from the differentials to finite time and base increments. For any point

of the profile x by which two isolines of the time field tj1(x) and t3(x)
with bases %1 and %y are given, we have

- 121

- FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

) (2) 1/ ki U v
D = T—"-——-—- 08 (. .
o —d@

From equation (II.29) the calculation formula is obtained for depths of
occurrence of the reflecting boundary along the normal to it

ke (2) = 5V (@) Ple) = Poost g (IV.22)

The value of cos ¢ in the case of small slope angles (to 10-15°) is
admissibly set equal to one. When necessary the boundary slope can be
expressed in terms of the vertical and horizontal gradients of the time
field (see (II.14)). In practice, in order to calculate the effect of the
slope of the boundary it is first convenient to comstruct the section under
the assumption that ¢=0, and the approximate values of the slope angle
determined by them are introduced into (IV.21) and (IV.22). The approxima-~
tion process can be repeated, but usually there is no necessity for this,

In the results of the calculations of v and h, the curvature of the
reflecting boundary under actual conditions, as a rule, turns out to be
small,

The inverse problem of finding the integral parameters of the medium vyh,¢
can be solved also in the more general case of arbitrary arrangement of the
sounding centers (xj, %4, t;) on the observation line. For this purpose it
is sufficient to have three soundings in theory. Let us compare for
simplicity the origin of the coordinates with the first sounding, setting
x1=0, and let us refer the depth h to this point. Then, according to
reference [86], using the time function tz(x, Rz), the velocity v is found
from the equation:

Av* —2Bv? 4 C =0, (Iv.23)

where

A=[(B—11)(@+v)— PO + 16 B[ (o +9) — pi3];
B=[(15 — &) + vy — ab][(8} — ) + v) — B8] + 828 [ (o + 1) £ —
—PBla—9v) 8];

C=[(B— 1) (a+7v)~ad]® + 16ayi}.

In these expressions a, B, Yy, § have the following values;
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a=z,(8§ — ) — =, (55 — 1),

B =z, (1f — 1) — z, (8 — 1}), -
P = 47,25 (23 — T5),

6= 15— 12— 4al.

The depth h is found by the formula (IV,22), and the angle ¢, from the
expression

sin? @ = “a——f;’ (1V.24) .

If there are more than three soundings, then when solving the inverse -
problem it is necessary to use equalization by the least squares method.

In this case it is expedient to write the time function in the form

0 = ah — b*A 4 (2bz - o)?, : (1v.25)
k=l”'9a—-t"a=—1—‘ b_sinq;_ _2H,
' ] 73! =T ¢ “" _U’

Hy is the depth of the origin of the coordinates.

The parameters b and c, as shown in reference [78], are found from the
system of two nonlinear equations:

- Pyob - Pagh® + Pyjbe® 4 Pyb’c + Pt L Pue? =0,

(1v.26)
Q1b + Qqob -- Qrabe® + Qzlbz" + Que + Qoac"' = 0’}

where the coefficients Pjj and Qij have the values:

Py =2(Zz% - ZAQ — Sz%0 . ZA3),
Pgy = 8[3z% - TA? — (Zz?A)Y),
Py =2[3% 2% ZA — Zx?h « I\ — 2(ZzA)Y),-
Py =12(Z2% . ZA* — Sz . Sa%h),
Py = ZzAZAG — 20 - TA3,’
Py = Zz3A —ZA . SzA, i
Q1o =2Py; Q5= ‘%“Pu; Q12 =6Py; Qn = 2Py,;
Qun =31+ ZA8 — ZA2. 30, Qyy = nIA? — (ZA)2,

n is the number of soundings for the given reflected wave.
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Summation is carried out in all cases over the entire set of observations.
The system (IV.26) 1s solved by the iteration method by -special programs
on a computer. The parameter a 1s found from the equation:

@ 7 g3 [3M0 — 25 (42 — A) — 33h — bbe3zA]. (IV.27)

In the case of the vertical velocity gradient in the covering layer, the
effective velocity will be obtained. It is determined, in particular, by
two lines %;=const, that 1is, at a fixed distance from the sources. There-
fore in many cases its . difference from the beam velocity will in practice
be constant for different points of the profile, The effect of the velocity
gradient in the upper medium will basically turn out to be at the depth of
occurrence of the boundary, and it will have little influence on the shape
inasmuch as the latter is determined by the nature of the curve %,=const.
This is the essential advantage over calculation by hodographs where it is
necessary to know the beam velocities for different distances between the
source and the receiver.

Often the reflected waves (for example, the reflections from the
Mohorovicic surface) are recorded at very large distances from the source,
significantly exceeding the depth of occurrence of the boundary. In this
case the effective velocity will differ significantly from the mean and
beam velocities. Under such conditions it is expedient to determine,
instead of the effective velocity, another parameter which characterizes
the peculiarities of the gradient medium in the best way. This can be done
if there are some data available on the dependence of the velocity on depth,
for example, the initial velocity v.and the general form of the function
v(z). The problem can be solyed analytically or graphically. For example,
for the function v(z)=v0(1+8nz)1/n, where n 1s the integer, the graphicel
solution consists in selection of the value of B_ by the corresponding
mean diagrams [83] for the given v and n so that the points with the
coordinates (Bnll, vpByt1) and (sngz, vgBpta) will be on the straight line
parallel to the axis of the diagram. The value found for By must be
conisidered effective if the effective form of the function v(z) differs
significantly from the adopted function. However, whatever the difference,
the effect of the curvature of the seismic beam will be taken into account,
and the accuracy of the constructions will be higher than using the mean
velocity method.

The difference in the effective depths from the true depths can be
onsidered also using the given dependence of the effective velocity on the
depths [112]. For this purpose, a model with some vertical distribution
of the initial velocity will be placed in correspondence to this real
medium, approximately considering that the values of the effective and mean
velocity are equal. A correction is found for this model for reduction

of the effective velocity to the beam velocity used then when calculating
the depths. The calculations on standard models of the earth's crust
indicate the accuracy of the approximate method.
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For the multilayer covering medium (including with curvilinear boundaries)
the interpretation problem can be reduced to the case of the two-layer

model by recalculation of the time field in the investigated wave to a
deeper level coinciding with the roofs of the layer under the corresponding
reflecting boundary. The time field is recalculated by the method discussed
in Chapter II, §2. The situation is most favorable where reflecting waves
are recorded from the boundaries of all the layers. In this case the use

of the recalculation procedure and formulas (IV.21) and (IV.22) will permit
determination of the relief of the boundaries and the stratal velocities

in the layers.

Refracted Waves. The following calculation formulas were obtained from
expressions (II.16) and (II.31) for the distribution of the boundary
velocity and the depths along the profile on which the two time field
isolines are given:

(vf)(z) = -,2—(23—:"—11(7) cos g, (IV.28)

i (2) = ey (t(:c) - pﬁcos q)). . (IV.29)

Key: 1. boundary

These formulas are valid for a plane refracting boundary with invariant
value of Vphoundary in the section of iength L-2hjtgi (& is the maximum
base of the sounding, hy is the depth aléng the normal to the boundary
in the center of the base). They are also used when processing data by
the A, B, D systems (see Fig 23).

For the type D sounding systems (see Fig 23) the value of tg is calculated
by the formula

tly — 8yl
ty="4=" (1V.30)

7
and 1t pertains to the point with the x-axisZ= ‘—ijﬁwhere R is the
145
distance between the blast points, S is the distance between the observation
points, and the origin of the axis x is matched to the lefthand edge of the

system.

Just as in the case of reflected waves, the effect of the slope of the
boundaries for small angles ¢ (to 10~15°) can be neglected, The considera-
tion of the effect of the slope of the boundary is possible by using

the time field gradient (see (II,17)) or by successive approximations as
was indicated above for reflected waves.
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The inverse problem can also be solved for arbif:rary distribution of the
soundings on the observation line, Let us represent the time function in
the form

t=ty+rz+ Sl

1 -1 1 1 1
t=‘—‘2h e —— — : — . — = — — C0S
0 o]/ 7 r—Zsmfp [F T A 9.

For an arbitrary number of soundings the Indicated parameters are found
from the system of linear equations:

where

nty+rZz 4+ Sl = I,
1,2z 4 rZz® 4 STzl = Tzt |,
12! + rizl + SZit = 3t

the solution of which is found by the standard programs on a computer.
The transition to the parameters ho, Vboundary» ¢ is possible for the glven
velocity in the covering medium,

Figure 47, Depth errors as a function of the curvature of the
refracting boundary for standard sections In the case of
penetration (1) and sliding (2), waves (a); standard sectious
®)

Let us estimate the effect of the curvilinearity of the refracting boundary
- on the results of calculating the depths and the boundary velocity.
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We shall consider that the refracting boundary is approximated by the

arc of a circle with the radius R=1/k, Using the corresponding equation
(I1.32) of the line %=const, we find the depth error as the difference of
the value of h determined by formula (IV.29) by substitution of the time t
from (II.32) in it and the true value of the depth at the sounding center.
The boundary velocity is considered exactly known. Meeting the intermediate
calculations, let us present the formulas for the relative error in the
characteristic cases. When the middle of the sounding base is located
above the center of the circular boundary we have [59]

h—h _tgi
%

5 [[icwiiiiAamm kud+om+2 kK

B kE(RRA—I) T 24 2 ] —1. (Iv.31)
If the center of the circular boundary is on the vertical under the source
or the receiver, then

h— kl A+ B
Tf=ﬁ[(ﬂ:2i:tA:tB+grctgl+khiarctgA;_i—
o —m _
- kl)tgz w2 )/1-BE :1:4] 1. (1.32)

- In formulas (IV.31) and (IV.32) the signs at the top correspond to the
concave boundary, and the bottom signs to the convex boundary. The origin
of the coordinates refers to the lefthand sounding edge. The provisional
notation is the same as in formula (II.32).

Fig 47 shows the graphs of the relative errors in the depths calculated by
the formulas (IV.31) and (IV.32) for the conditions of investigating the
basement surface of the Western Siberian platform (i=25°, %/h=4). The
distortions increase with an increase in the sounding base, the curvature
and the depth of occurrence of the boundary. For the concave form of the
refracting surface the depths become lower, and inthe convex sections,
higher, that is, the structural forms are smoothed out. The penetration
of the beams under the second medium on the convex sections (see Fig 47)
does not essentially change the magnitude of the error. The values of kh
usually do not exceed 0.0l to 0,02; the corresponding distortions do not
exceed 1-2% of the total value of the depth.

Let us consider the effect of the curvilinearity of the refracting surface
on the boundary velocity, Referring to Fig 48 where the system of two
symmetrically arranged soundings, the elements of the hodographs and the
corresponding beam systems are depicted, it 1s possible to show that the
determination of the boundary velocity by formula (IV.28) is equivalent to
calculation of this parameter by the known expressioni

U1 Vka
Key: 1. boundary
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V’ Nz

Figure 48. Estimation of the dis- Figure 49. Determination of the
tortions of the boundary velocity x-axis of the initial point of the
in the case of a curvilinear head wave by the time profile
refracting boundary Key:

1. initial point

The apparent velocities entering into this expression are the following:
v .
P SE e M smGT )

The errors in determining Vboundary 2re caused by the difference in the
slope angles ¢1 and ¢2 in the boundary sections which include the values
of the apparent velocity.

Using the recorded expressions, after simple transformations we obtain the
following formula for the relative error in the boundary velocity:

Vo=V

"’r(lr>= [(cos L9 Lotgiosin M) cos %‘&]f‘— 1, (1v.33)

Key: 1. boundary

where ;ﬁoundary is the boundary velocity without considering the curvature,
Vboundary 1s its true value. The angles ¢1 and ¢2 are considered positive
if the corresponding values of the apparent velocities are determined by
the drop of the boundary and, negative in the direction of asceat,

For the angles ¢1 and ¢, no more than 10 to 15°

i‘
i v.—v t
: V% o (1 gl =t ar
! B (1 "——m%+%) Lo (1V.33)
| e) 2

N
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- From expressions (IV.33) it follows that on the convex sections of the
boundary the boundary velocity is found to be low (angles¢1 and ¢, are
positive), and above the concave sections, the velocity rises. The
distortions are more significant for small values of the critical angle i.
Under standard conditions the perceptible distortions are obtained for a
difference in the slope angles of several degrees.

If we construct the boundaries with the boundary velocities found without
considering the curvature of the boundary, the errors in the depths are
opposite with respect to sign to those which occur for the spot value of
Vboundary* Accordingly, compensation for the depth distortions is possible,
but it i5 not complete, and in order to obtain a proper representation of
the form of the boundary it is possible to consider the distortiomns that
occur.

There are several procedures for considering the effect of the curvilinearity
of the refracting boundary when determining the depths and the boundary
velocity [59, 79, 98]. The most correct is the method based on the recal-
culation of the time field discussed in Chapter II, §2 with a decrease in

the bases. The field is recalculated so that one of the isolines will

have the base close with respect to magnitude to the x-axis of the initial
point (xinitial point) of the head wave. The value of Xynitial point=2htgi
can be estimated by preliminary data on Vboundary and h or, more strictly,

by the field t(x, %:;). In the latter case at the fixed point of the profile
the depths are calculated formula (IV.29) for a number of bases with
different values, and graphs depicted in Fig 49 are constructed. The value
of Xinitial point 1s determined by the intersection of the lines .

Vboundary=const, for when 2=Xjnjtial point the depths do not depend on the

value of Vhoundary*

By the two recalculated isolines of the field, one of which corresponds to

a base close to Xjpjtial point» the boundary velocity is determined by the
formula (IV.28). The result of the recalculation depends little on the
curvature of the boundary and the inconstancy of vpoundary for the rectilinear-
ity of the boundary and the sustaining of the velocity in this case are

assumed in a significantly smaller interval having an extent approximately
equal to the difference of the bases used. For calculation of the depths,

the isoline with 2%xj,4tial point is used, The assumptions regarding the

structure of the medium in this case will be the least rigid, approximately
the same as in the known method of conjugate points.

Wien interpreting systems of the B and E type depicted in Fig 23, the follow-
ing assumptions are made which are similar to those on application of

the method t( widely used in the KMPV refracted wave method. By the data
from systems B; and By, the values of tg and Vboundary are determined by

the formulas (II.54) and (XI.65')., If the values of tg are known at the
points 07 and Oy, then the value of Vpoypdary can be obtained more exactly;
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i S -
71 Ur= ti+T -2_1 ty+tor’ ] (Iv.34)

[ ... WU
; U L T—t1F foy '

é where tQ1 and tyy are the values of t for the blast points 0; and 0,.

. For the observation systems of the type of By and Ej, the value of tg can
be determined by the formulas:

tog, = tg + 1y + tc—to, — toyr } (Iv.35)

tog, = ta + ty + e + tg — to,— to, — Loy

With a significant vertical velocity gradient in the refracting medium,

it can be necessary to consider the effect of penetration of the seismic

beams. For this purpose it is expedient to reduce the observed values of

the times to the values corresponding to the uniform refracting medium.a
' In the special case of linear buildup of the velocity by the law

Up =0, (1+ pZ),

where Vhoundaryy is the velocity on the refracting surface, B is the
gradient, for horizontal occurrence of the boundary we have the expression
[92]

2hcm} S T 3
= By~ g O

Key: 1. initial point; 2. boundary

hence it follows that the desired correction is equal to the third term
in the righthand side of the presented equation. The values of Xjpitial point
and Vboundaryg are taken by the results of processing without considering

the effect of the velocity gradient. This procedure can be used approx-
imately also for the nonlinear dependence of the velocity on depth if we
introduce the concept of the mean gradient [88], The methods of estimating
and considering the penetration phenomenon by the so-called convergence

of the overlapping hodographs are investigated in reference [78].
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Figure 50. System of symmetric soundings by reflected and
refracted waves

Key:
l. treflected
trefracted

Joint Use of Reflected and Refracted Waves from One Boundary. Let us
consider the system of two symmetrically arranged soundings with the

bases %, and 27 with matched centers (Fig 50. The reflected wave
(treflected) 1s recorded on one of them, and the refracted wave

(trefracted) from the same boundary, on the other. VWhen recording both waves
on one seismogram (2;=%7) we have the simplest system from one source and
receiver. The latter case usually arises when studying the Mohorovicic
discontinuity. For the model depicted inFig 50, we have:

N
s 9% It

tﬂp R I .
M) 2 L (1V.36)
tnp = — 1— p-’ v—', "
) - :

ey: 1. reflected; 2. refracted
where Ly 2— cos ¢. The effect of the slope of the boundary, as was
demonstrated é%ove, can be considered by the set of observations when

necessary.

Excluding the value of h from the last equation, we obtain
’ L,\2 Ll v
byp — —2 t 1——
("p ”r‘) (011! e )( V.":)'
where two parameters are unknownj v and Yhoundary* Either of them can be

found if the other is known,

For the known value of the velocity of the covering medium, the boundary
velocity is found

ve =iy (CD+ VPO F 1), - avan
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where . .
2. ¢2 :
P S Y N
- 2 2 22 __ 72"
ve. tm,p — Ly Ll 7 Ly

For mass calculations it is cxpedient to use the nomogram in the coordinate
system 1/C and L2/vtrefracted in which the lines with the parameter

Vboundary/v will be straight lines.

If the boundary velocity is known, then the value of v is found by the
formula

,,z.___”zi[p—EH:tV(E—F-i)*-M‘}, (1V.38)
where .
Lo \2
(w2
E tg.,p ’ Vi 'grp'

The plus sign is taken in front of the radical if subcritical reflections
are used, and the minus sign, for reflections beyond the critical angle.
For mass calculations it is possible to use the nomogram presented in
reference [100].

For interpretation of the data by the series of soundings it is expedient
to consider the combined time field of the reflected and refracted waves.
For complete solution of the problem -~- determination of the velocities

v and Vpoundary and construction of the section-- it is sufficient to have
three lines %j=comst: two for one of the waves and one for the other.

One of the elastic parameters (v or Vboundary) will be found by the first
two isolines. Then the above-discussed nrocedure can be used to determine
the values of the second parameter. The depths are calculated by the usual
procedures, preferably by the reflected wave data. The refracted waves

are used for monitoring,

The combined procedure is especially effective when using transcritical
reflections recorded on the same seismograms as the refracted wave from
the given boundary. The sounding system includes only two bases. This
procedure is widely used when investigating the foot of the earth's crust,

In addition to the reflected and refracted waves from one boundary, in the
point sounding procedure longitudinal and exchanged (transmitted and
refracted) waves are used, in particular for the construction of the basement
surface of the platforms, usually characterized by significant elastic
property gradient. The methods of determining the depths in this case

are widely known {20, 90].
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Refracted Waves, The field t(x, %i) is used to find the velocity distribu-
tion in the plane of the seismic section. The stratal velocities (v
and the corresponding depths of penetration of the seismic beam are
determined, then the line field vy=const is constructed hy interpolation.

In the case of relatively simple structure of the medium when the velocity
depends basically only on the depth, it is possible to use strict or
approximate methods of interpretation developed for the hodographs of the
refracted waves. For a complex form of velocity isolines, special procedures
are used.

stratal)

Let us first consider the peculiarities of the first approach, considering
within the limits of the maximum sounding base the lines of v, =const to be
straight with relatively small slope ¢ with respect to horizontal. By the
time field it is expedient to construct not the ordinarv hodographs, but

the function t(R.)x=c0nst for a series of mixed orofile points. The transition
to this function permits to a significant degree the decrease in the distort-
ing effect of the horizontal velocity gradient, for it is closer to the
hodograph for the case of horizontal velocity isolines than the observed
hodograph. Let us demonstrate this in the example of a linear variation

of the velocity with resnect to the x and c axes with gradients a and R by
the law

v(z, 2) = vy(l + az + B2)

Using the corresponding expressions from references [53, 54], after trans-—
formations we obtain

arsh }/f 1 bz
t —t 2 1—- Pz tgpcos @
A =2 t om0 _ 4 = coso—1, (IV.39)
o=0 arsh 5=
) arsh ]/, T b=
t(l —1t 2 1—7 P g2 cosg
b e - L et vy
ars| T

The first expression characterizes the relative divergence of the hodographs
tg and t,_o for the cases a#0 and 0=0 (the remaining parameters are
invarian%), and the second expression characterizes the same divergence

for the function t(2)x=const. The point to which this function refers is
matched to the oscillation source (x=0) for the investigated hodographs.

In the given case x=%,

The graphs for the relative deviations are calculated by formulas (IV.39)
(see Fig 51). The value of A is appreciably less than A1. Considering
the value of B as the mean velocity gradient, by the graphs obtained it is
possible to estimate the effect of the nonhorizontalness of the velocity
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Figure 51. Graphs of the relative deviations of the times
of the refracted wave:

1 -~ for the function t(R)

hodographs

x=congt’ 2 — for the observed

- isolines for the times t(g)x=const under specific conditions. Usually this
effect is negligibly small for ¢£10°. Thus, for the deep seismic sounding
condition it is possible to set B=0,01 km~l, ¢=10°, x=100 km. The correspond-
ing value of Ay is a total of only 0.002, which corresponds to the absolute
divergence of about 0.03 sec. Conseguently, by the function t (W) y=consts
just as by the hodograph, it is possible In many cases to determine the
function v(z) without considering the horizontal velocity gradient.

For interpretation, the known strict Vikhert-Gerglotets-Chibisov procedure
or the approximate procedures [42, 101, and so on] can be used, The
application of the strict method 1s justified only in the case of
sufficiently complete initial data. In the.remaining, more widespread
cases, the simpler approximate methods are more preferable, which under
defined assumptions regarding the type of hodograph or the law of variation
of the velocity will permit interpretation of incomplete hodographs and
their elements.

If the slope of the velocity isolines exceeds 10°, consideration of the
horizontal velocity gradient is needed. The strict solution of the problem
: of interpreting the time field of the refracted waves in this case was
obtained only for the linear dependence of the velocity on the coordinates
x and z [72]. On the basis of this solution, in the indicated paper an
. 134
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approximate procedure has been constructed for the successive approximation
for the nonlinear velocity variation. The time field gradients are used
for the calculations.

Tn a number of cases the velocity distribution in the medium within the
1imits of the maximum sounding base cannot be approximated with the required
accuracy by the family of straight lines vp=const. The vertical-block
model 1s the frequerntly encountered form of this complex medium, 1 Under such

conditions the distortions of the results obtained by the above-indicated
methods of interpreting refracted waves will be less, the less the sounding
base. It is possible to decrease the magnitude of the bases without loss
of deepness of the reconmnaissance artificially by successive recalculation
of the observed time field for deeper levels, using the procedure sub-
stantiated in Chapter II, §2 for reducing the field to the new observation
- line for this purpose. The velocity distribution in the upper part of the
section will be found by the soundings with small bases. The remaining
lines 2j=const are recalculated to the level above which the structure of
the medium has been investigated, The process is repeated to achievement
of the depths of penetration of the seismic lines corresponding to.the maximum
bases. It is inexpedient to make a large number of recalculatioms, for
z this can lead to an inadmissible accumulation of errors.

Consideration of the Effect of the Surface Nonuniformities. The surface
nonuniformities, the effect of which must be considered during reconnaissance
prospecting deep seismic studies, as a rule, are caused by failure to sus-

) tain the thickness and elastic properties of the sedimentary mantle,

- especially if it is complicated by terrigenic rock. The usual method of
consideration consists in reduction of the arrival time of the deep waves
to the level near the foot of the sedimentary layer (the surface of the
folded or crystalline basement). The recalculation of the field t(x, %)
to this level is realized by the previously discussed method (Chapter II,
§2).

=z Let us consider the procedures for considering the effect of the surface
inhomogeneities and the possibility of their discovery when the structure
of the upper part of the section is unknown, and only two isolines of the
deep wave time field are given.

Above (Chapter II, §2) it was demonstrated that the surface inhomogeneities
distort the isolines of the field t(x, %4) of the deep wave differently,
which leads to distortions in the values obtalned for the velocities

(mean, boundary, stratal). The distortions of the velocities will be
eliminated ‘if the initial field is transformed so that the surface

lThe statement and the algorithms for the solution of the problem by the
= refracted wave hodograph system for a continuous-ncnuniform medium were
investigated in reference [1l1],
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inhomogeneities will appear identically on both lines £j=const.

We shall consider that the following two conditions are satisfied: 1) the
nondistorted isolines of the time field in the profile interval not exceed-

- ing with respect to extent the largest of the sounding bases can be
approximated by straight lines, For constant velocities in the medlum this
condition corresponds to the local-plane refracting boundary and the
reflecting boundary in the form of a segment of a hyperbola; 2) the propaga-
tion rate of the elastic properties in the upper nonuniform thickness are
aporeciably less than in the underlying rock. The satisfaction of the
indicated conditions in practice is discussed in detail in reference [62].
If they are observed, then the equation of any isoline of the field with
the base 24 is written as follows:

:,(x)=a,+k,x-+a(x—%)+6(x+g), (IV.40)

where tj(x) is the observed value of the time, t'j (x)«aj+ij is the
undistorted time, 6(x) is the surface distortion.

Let us solve the problem: having two isolines of the observed field
t1(x) and ty(x) let us transform the second isolines so that the effect of

; the inhomogeneities on it will be distributed just as the first isoline,
[ | that is, let us find

1, (z) =t'2(z)+6(x—17‘) —I-B(x-{—-lzi){

For the sounding system in Fig 52, a, we shall have (the origin of the
coordinates at the center of the system)

b(— )= a -t o(- A4 o[- bk
t,(0)=a1+6(—l—‘)+6(—‘-). .

0(3)=e +ku+6("”“)+6<'_")
R

6(3)= otk 8(- ";“)+a("§’1).

Using these equations, we write the expression
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Figure 52. Sounding systems used for conversion of the time
field in order to consider the surface distortions.

The expression in brackets is equal to the desired time Ez(o). Inasmuch
as the origin of the coordinates is selected arbitrarily, for any point
of the profile we shall have

4 () =-;-[tz(z——lz‘—)+tz(:c-l-iz'-)-—-tl(z—lz'-)-i-ml(z) —t,(x-{—%-)].

(IV.41)

The transformation found is valid for any monotyplc waves and can be
realized both with respect to the time field constructed with the required
detail and by the specially obtained time values corresponding to the
sounding system in Fig 52,

The boundary and stratal velocities calculated by the transformed time

fields of the refracted waves will not be distorted, for the time

difference in the corresponding calculated formulas will not contain the
137
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surface distortions. In the case of reflected waves when calculating the
velocity in the covering medium, the difference in squares of the times

‘ is used; therefore the effect of the nonuniformities is not completely

- excluded, If we represent the nonuniform part of the section as a bed of
variabla thickness, then by the transformed time field of the reflected
wave, the effective velocity will be found for the two~layer medium in which
the parameters of the upper layer are equal to the arit'metic mean of the
values at the point x-£/2 and xt0;/2.

The isolation of the surface distortions 6x from the observed function
field, which characterizes the "delay" time of the deep wave on passage
through the upper nonuniform part of the section with reduced velocity is
highly interesting.

Let us form the difference of the observed and the transformed times for the
same base:

-~ l l .
=)o sl o)
’ (IV.42)
The function §(x) will be represented in the form of a power series
8(z) = cot 1 + cy?+ g7 +...= cp+ oz + Az, (IV.43) .
where A(x) is the nonlinear part of the function,

After substitution of (IV.43) in (IV.42), we obtain
” WY pa(z+ Y Afz—B)—A(z+ b (V.42
t——t::A(J:—'-i-)’i‘ (x’l"i‘)— »:C 2 2/ '

Consequently, the difference of the observed and transformed times will be
determined only by the nonlinear part of the surface distortion function.
Therefore the distribution of the surface distortions can be determined
incompletely and with accuracy to its linear component.

Let us proceed to the spectral representation of the expression (IV.42')

—in)-’—‘- {WL —{mL 10 -!l)
Sg_’i'(u))=SA(m)(e Phe P—e fT—e %)=
=2<cosm %———cosm 12’—) - 8y (o),

where § _E(w) and S,(w) are the comnlex spectra of the functions tﬁz
and A(xs. Let us fgnd the spectrum of the nonlinear part of the surface
distortions:

138

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

' Sale)=——2FD
2(cos m—.f- — cos m—z’-)

By the inverse Fourier transformation, we obtain the desired distribution
function of the nonlinear part of the surface distortions:

’ +o00 . :
A@) = :—n- S —#':‘(—m)-—-’— - efoxde, T (IV.44).

cos ® -1 —cos Q-2
2 2

—00

This result can be considered as an indication of theoretical possibilities

of obtaining the function Ax using the recordings of the waves from the

deep boundaries. For the realization of this possibility it is necessary

to develon convenient noiseproof calculation procedures. For the calculations
by formula (IV.44), it is necessary to have the time difference function

in the entire section where it is essentially different from zero. This

means that the surface inhomogeneities available for discovery (their

linear component) must have limited extent along the horizontal axis.

The investigated procedure for isolating the surface distortions can find
application for discovery of the large peculiarities in the structure of the
sedimentary layer by the recordings of the waves passing through it. The
possibility of the solution of this problem is illustrated by the theoretical
example (Fig 53) simulating the conditions of investigation of the
Mohorovicic section by soundings of the refracted waves in the presence in
the top of the graben section made up of rock with reduced velocity. By

by the two "observed" lines f%=const the transformation of the line 2=200 km
by the formula (IV,41) was carried out. Then the values of the surface
distort-ions were found by the formula (IV.44). The obtained function

§(x) (see Fig 53, b) not containing a linear component in the given example
is a mirror representation of the relief line of the lower surface of the
graven and for known velocities in the medium can be recalculated to the
selsmic section.

Let us present the method of solving the problem of isolating the time
distortions caused by the surface inhomogeneities for the case where there
- are more than two lines f%=const, Let us consider the case of three bases
21, % %4 (Fig 54). At the points with the numbers i+2, i+3, i+4 (the
coordinates Xi490 Xi4q xi+4) the nonuniformities on the base 12 are

recalculated to £;. At the polnt xj43 the base %3 is recalculated to Ly and 21.
- Then we can write the system of equations of time differences t~t at
the indicated point and for the corresponding bases:
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Fiure 53, Theoretical example of determining the surface

distortions for the soundings by refracted waves:
a —— observed time field; b -- graph of the calculated values
of the surface distortions; ¢ -~ observation system; d ==
section

v=6 km/sec

v=8 km/sec
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8 (2,) + 8 (zits) — B(zis) — B (miga) = Altly,

B(xi41) + 8 (zi4s) — 8 (ign) — 8 (zeg) = Ay,
8 (z142) + 8 (i) — 8 (ziys) — B(xins) = AR,
8 (2:) + 8(zi4e) — 8 (zigt) — 8 (2i4) = Al

8 () + 6 (zi4s) — 8 (ig2) — 8 (mips) = Alsh.

Here the double superscript indicates the number of the initial base (the
first number), the nonuniformities on which are recalculated to the base
with the corresponding number (the second number). In the given system
only the first three equations having seven unknowns are linearly independent.
For its solution, it is necessary to give the distortions at four points of
the profile. Adding the corresponding equations for the points with the
coordinates Xjt5, Xj3g, and so on to this system successively, we can find
the distortions along the extended profile. In the special cases of the
ratio of the sounding bases, the solution of the problem can be obtained
also with a smaller number of points at which it is necessary to give the
magnitudes of the distortion. In the case of 21=0, it 1s necessary to give
the distortions at two points, for &,=3%;, at three points.

J

L7

U i+ (42 43 iv4 145 146 47 8
Figure 54. Isolation of the time distortions caused by the
surface inhomogeneities. The case &n=n(&1)
(n is an integer) and #7170
Area Observations
As has already been noted above (61 of the given chapter), the area
observation systems have several versions, Let us consider the peculiarities
~of the interpretation of the data in these cases,
Arbitrary Location of the Differently Oriented Soundings in the Area.
A three-dimensional time field t(x, ¥y, %) is constructed by the set of
141
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data obtained, which is represented in the form of two isochron maps for

the attached values of the bases, Here x and y are the x-axes of the
sounding centers to which the times t are referred; % 1s the sounding base.
Neglecting the dependence of the time on the base orientation, by the above-
presented formulas for the two-dimensional case the area distributions of
depths and the velocities are found (boundary, in the case of refracting
waves, effective, for reflected waves), which are consicered the first
approximation subject to more precise definition. If the ambiguity of the
time field (dependence on the azimuths without soundings) is caused nri-
marily by the éffect of the configuration of the reflecting or the refracting
boundary, the required more precise definitions can be obtained as a result '
of the successive correction of "the initial field by introduction of
corrections taking into account the noncoincidence of the sounding bases
with some defined correction, for example, the decrease or extension of

the houndary (Chanter II, §2, formulas (IV.51) and (IV.53)). T (in the
case of the refracted waves) the effect of the variability of the boundary
velocity predominates, then by using the results of the first approximation,
the source and the receiver of each sounding are carried over to the
refracting surface. By the values obtained for the times of sliding wave,
the boundary velocities are calculated in the corresponding azimuths, and
the depth distribution is more precisely defined. Thils process is repeated
until the converging values are obtained.

Figure 55. Spatial system of four soundings with one source
Key:
1. Incidence line

Area Systems of Profile Elements. The area systems of profile elements
permit more coxrrect interpretation of the data not neglecting the azimuthal
relations of the time field, which is especially important when using
refracted waves under the conditions of sharpnly variable boundary velocity.
Using the time values and the time gradients, which are determined by each
profile element (see §1 of this chapter), by the formulas for the two-
dimensional model the depth, velocity (boundary or average) and slope of
the boundary in the plane of the seismic beam for the given element are
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calculated. Then the area constructions are realized by the set of data
for all the elements.

Area System of Sounding Profiles, The two-dimensional time fields obtained
by each profile are irnterpreted by ordinary methods. Inasmuch as these
observations freaquently are given for investigations of increased detail,
quite dense sounding systems are developed in them which permit application
of the strictest method of interpretation. Thus, when using the refracted
waves, it is preferable to recalculate the observed field to the bases which
are close with respect to magnitude to the x-axis of the initial point of
the head wave or to 2=0, offering the possibility of finding the two-
dimensional distribution of the depths and the boundary velocities with

high detail.

The area system with one source is convenient for operations with industrial
blasts than inaccessible terrain.

The simplest system made up of one source O and four receivers Sy, S,, S and
S, with the times of arrival of the wave ty, ty, t and t; is depicted in
Fig 55. Rieid conditions are not imposed on the location of the oscillation
receivers. They are located in the region of certain tracing of the given

. waves so that the point S of intersection of the straight lines 5;5, and I35,
is within the interval Sj, S,, possibly closer to its center. The
recordings of the reflected and refracted waves are interpreted under the
assumption of a plane boundary and constant velocities (v and Vpoyndary)
in the upper and lower media. The values of the velocities and the elements
of occurrence of the boundary are found. Let us note the derivation of the
calculated formulas (a detailed substantiation of them is presented in
reference [48]).

In the case of reflected waves, the relations (II.18) and (II.21) were used,
and we write the expressions for the times of arrival at the points
S].’ Sz, 33 and 84

V2] = 4 (h — dycospy_psin 9)? 4 I2(1 — cos? §, sin? ¢),

v¥; = 4 (h + djcos p;_psin 92+ li (1— cos? P, sin® @), (IV.45)

2 = 4 (h — dycos Ps—4 Sin )24 15 (1 — cos® g sin® @),

vt} = 4 (h + d, cos sy sin 9)2+ I (1 — cos? ¢, sin? @),
where h is the deoth with respect to the normal to the boundary under the
point C, ¢ is the true angle of incidence, ¥ is the azimuth of the
individual soundings. The remaining notation is illustrated in Fig 55.
By the values of t%,tg‘and t2, QZ, by linear interpolation we find the
snuares of the times t%”and t% for the point S.
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13d, -+ t2d;
hitds (1V.46)
13d, + t3d,
dyt-dg °

H=

32
tz =

The corresponding interpolated squares of the bases will be:

12d, + 124,
dy+d, °

. . <2 12d, - 12d,
- ds+d,

P =
(IV.46")

On the basis of the recorded relation, the expression is found for the
velocity in the covering medium.

=1 sing (zfdacoswﬁzzdl costy

T2 32 4 +a

T T ] 1+ dy
23, cos? 12d5cos3 Yy - . .

_ t8ycos ‘;’:i o P | d,d, sin® y—p — ded, Sin® o . (IV.47)

In this formula the first term can be considered as the main part of the
solution, and the second term, as the correction which can be found after
determination of the first approximation of the value of v and the elements
of occurrence of the boundary. The correction contains the factor

sin2 ¢, for small slope angles close to zero. Therefore under the conditions
of gently sloping structures, it is admissible to neglect the correction
term and perform the calculations by the simple formula

vz‘/ i1 (IV.47)
té—1t

- The depths hy, hy, hg and_h4 under the sounding centers C;, C, and C3, Cy

will be found by the ordinary procedure by formula (IV.22), The determination
of the remaining elements of occurrence is conveniently made graphically
by the depth gradients Gj and G, in the directions Cl’ C2 and C3’ 04.

hg— by he— hg

‘ Gl:d,—}-d,’ 2= Tyt dg

i The direction of the complete vector G will determine the azimuth of
incidence, and its value, the true slope angle of the boundary ¢=arcsin G,
When necessary (¢>10°). the following approximations are made also for the
elements of occurrence.
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Tor refracted waves the times of arrival will be represented in the form:
~2 . ! 1 .
ty o <-(h— d, cos Py, sin @) cosi + v—: - 2—")r cos?, sin® @,

2 . . l 2 .
tyo2 = (h + d, cos Py sin @) cosi + -;’: — 2_3,,'0052 }, sin? g,

2/ . L1 Is .
t3 = (h — dg cos §3_ sin @) cos i + -li— - i cos? P, sin? @,
2 . . l 1 8 .

oo -;- (h 4+ @, cos P34 sin @) cosi + -i - -i;—rcor |, sin® @,

In these expressions the terms with sin ¢ to the fourth or higher powers
are omitted.

Let us determine the interpolated time and bases at the point S,

& hdgttdr 7 tadittydy Tx = Ldy+ldr 7 badg + Uida,

b= e, BT Ta T h+dy 0 BT e re,

Executing the same operations in the case of reflected waves, we obtain the
formula for the boundary velocity

~ h—T1 sin? ? (l,d, cos? Py + lydy cos?h,
= 2a-t) d + ds
_ ladycost s +- 1,d, cos? ‘h) 1V.48
dytds : ( )

The boundary velocity is calculated initially by the firat approximation
formula —
v izl (IV.48")

and the elements of occurrence are calculated, Then, just as for the
reflected waves, the correction is introduced to the velocity equal to the
second term in the righthand side of equation (IV.48).

Use of the Dynamic Characteristics of the Oscillations

In Chapter II, §3, a discussion 1s presented of the gemeral pecullarities of
using the wave dynamics in the method of spot soundings for determination
of the parameters of the medium, and the expediency of ‘investigating the
magnitude of the ratio of the like dynamic characteristics of two reference
waves for the set of soundings with fixed bases is substantiated,

Let us consider the standard case corresponding to the conditions of investi-
gation of the Mohorovicic discontinuity on the continent. The refracted
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waves and the waves reflected at a critical angle are recorded simultaneously
from this discontinuity on the soundings with bases of about 200 km. For

the indicated conditions let us investigate the dependence of the magnitude
of the amplitude ratio of the oscillations of the reflected and refracted
waves (ArefleCtEd/Arefracted) on the properties of the medium. Without

resorting to significant complication of the model of the medium, let us
estimate the effect of the absorption, the amount of discontinuity of the
elastic parameters in the boundary, the layering of the covering seriles and
the vertical velocity gradient under the Mohorovicic discontinuity.

The calculations of (Arefracted/Areflected)t=200 T carried out by the

beam method for a model of a one-layered or multilayered earth crust (see
Fig 56), lead to the following estimates. The transition from the single-
layer to the multilayer (in the given example four-layer) model is
accompanied by an insignificant decrease in the magnitude of the investigated
ratio (curves I and II in Fig 56). The absorption has a somewhat bigger
influence: the variation of the absorption coefficient from zero t9
1.7-1072 km~1 for series of the earth's crust and to 8+1073 km™! for the
tops of the mantle, decreases the ratio of the amplitudes by approximately
2-3 times. The variation of the velocity under the Mohorovicic discontinuity
- from 7.5 to 8.5 km/sec with the corresponding change in the other elastic
parameters changes the investigated value by no more than 2 times. The
introduction of the vertical velocity gradient (B) in the tops of the mantle
offers an unjustifiably high effect. With an increase in B from 0 to 0.002
km~1l, the amplitude ratio of the reflected and the refracted waves decreases
by approximately 100 times. Consequently, out of all of the investigated
factors the predominant one is the velocity gradient in the mantle.

On the basis of the results obtained, it 1is vossible to propose the follow-
ing procedure for using the amplitude ratio of the reflected and refracted
waves from the Mohorovicic discontinuity. The model of the medium is
determined by the kinematic characteristics of the waves. For this model,
the direct dynamic problem is solved with variation of the vertical velocity
gradient at the tops of the mantle. By comparing the average experimental
values (Apefiected/Arefracted) g=const With the theoretically calculated

- values, the magnitude of the gragient is estimated.

- Let us illustrate this procedure in the example of the Western Siberian
lowland, where mass data were obtalned on the amplitudes of the reflected
and refracted waves from the Mohorovicic discontinuity for soundings with
bases of about 200 km, Over the greater part of the investigated territories
the amplitude ratio usually is from 1,5 to 10 and is on the average equal
to 4. The anomalous, sharply increased values of (Areflected/Arefracted2&4200 K

with a mean value of 26 and a range of variation of 10-50 parts of the
Western Siberian lowland, in the vicinity of the cities of Omsk, Ishim,
Tobol'sk (see Fig 43, a, b). With respect to their appearance the anomalous
recordings are not connected with the service conditions and variations of
the internal structure of the earth's crust, for a single amplitude ratio
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Figure 56. Models of the medium and the dependence of the
amplitude ratio of the reflected and refracted waves for the
Mohorovicic discontinuity (2=200 km) as a function of the
vertical velocity gradient in ‘the tops of the mantle.
I and II -- curves for models without absorption, I' and II' -~
with absorption (the absorption coefficient in the earth's
crust is 1.7.10-2 km‘l, and in the mantle, 8-10-3 km'l),
v is the velocity of the longitudinal waves, km/sec;
vp/vs=V§} p is the density, g/cm”.

Key:

1. Areflected/Arefracted

of the investigated waves was obtained in sections with different structure
of the crust. A comparison of the experimental values with the theoretical
calculated graphs of the amplitude ratio (see Fig 56) leads to the following
estimates of the velocity gradient in the mantle. The "normal" values
-(Areflected/Arefracted)L:ZOO km cOrresponds to the gradient B=0.00025-0.0005

km~1, which indicates an increase in the velocity by 2-4 m/sec per km of
depth. 1In sections with anomalously high amplitude ratio the velocity
in the first mantles increases with depths very slowly or remains invariant
(B<0.0001 km™). The presented values pertain to the most uppermost layer
of the mantle 1-2 km thick. The above-obtained values of the velocity
gradients and their differences are very small. In practice they cannot be
i discovered by the kinematic characteristics of the waves, but they appear
noticeably in their dynamic peculiarities.

In the case of low~detail investigations under the conditions of media with
weak differentiation of the elastic properties often difficulties arise
in determining the type of longitudinal waves recorded in the first arrivals,
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By the field t(x, Rj) or by the dotted hodographs, it is not always possible

to solve the problem reliably as to whether these waves are refracted in
- the medium with continuous increasing velocity. In this case it is expedient
Jointly to consider the longitudinal wave and the corresponding exchanged
(transverse at the output) wave from the same boundary. The fact of
existence of the exchanged wave (refracted, transmitted) indicates the
presence in the section of a relatively sharp boundary. An example of the
use of this phenomenon can be the work in the vicinity of the Kuznetsk
depression [52, 74]. Here quite intemsive exchanged waves indicating the
probable existence of a sharp seismic boundary (the surfaces of crystalline
basement of the trough) at a depth of about 10 km were recorded on the
horizontally oriented seismographs.

The development of the methods of direct dynamic problems, by all appearances,
will permit expansion of the possibilities of using the dynamic characteristics
of the longitudinal and the exchanged waves recorded on one selsmogram,
obtaining the additional quantitative data on the fine structure of the deep
seismic discontinuities; distinguishing of the boundaries with discontinuity

of the elastic parameters, the transition waves, bunches of thin layers and
other information about the medium.

54. Construction of the Seismic Sections by a Set of Data

Based on the experience 1n applying the method of spot soundings during
reconnaissance prospecting studies in Siberia, let us consider the peculiari-
ties of the interpretation of the entire set of seismic materials (the waves
of different types from different boundaries) calling on the data of other
geophysical methods. For convenience of the discussion let us divide the
interpretation process into individual elements. It is necessary to consider
that in the sounding procedures the individual interpretation elements
(discrete wave correlation, determination of the depths and velocities,
compilation of the sections with respect to the set of all data) are not
isolated steps, but they are closely interconnected.

- Construction of Seismic Boundaries

Initially the uppermost of the investigated boundaries -~ the basement sur-
face (%), separating the upper, as a rule, most nonuniform part of the
section (the sedimentary layer) from the consolidated earth's crust, is
constructed. In addition to the large independent value, the exact
knowledge of the position of this boundary is needed when analyzing deep
waves and determination of the parameters of the under-lying part of the
medium,

The basement surface in the majarity of cases 1s studied by soundings of
refracted (quasihead) waves recorded in the first arrivals, Here, in oxder
to decrease the effect of the averaging of the parameters of the media on
the sounding base characteristic of head waves, in the complex sectlons

recalculation of the time field to the bases close to the x-axis of the
initial point of the head wave is used.
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The basement, especially its upper part, about 10 km thick, is highly
complex and not uniform with respect to elastic properties in the medium
with which quite complex and variable wave filelds are quite often connected.
Therefore usually it is insufficient to interpret the seismic materials
pertaining to the surface of the basement in an isolated fashion, separate
from the study of its internal structure. It is expedient jointly to
investigate the time fields for the waves comnected both to the surface ¢
and penetrating the basement. In Fig 57, a, the time field of the first
waves 1s presented for the Irtysh traverse in the Western Siberian lowland.
On the soundings with bases of 16 and 23 km the refracted wave from the

¢ boundary is recorded everywhere. For large bases, the first waves have
a different nature in the different sections. This is established when
comparing the barriers uf the velocity determined at the fixed points of
the profile by different isolines of the field. On the edges of the traverse,
the velocity in practice does not vary with an increase in the bases, and
it is 6.0-6.1 km/sec. In the midpart of the traverse, an increase in the
values of the velocity is noted from 5.4-5.6 to 6.1-6,2 km/sec, which
indicates the appearance of the refracted wave from the deeper boundary I
in the first arrival. On the constructed seismic section (see Fig 57, b),
the block structure of the medium is discovered with the presence in the
midsection of the traverse in the composition of the basement of thick

(to 5 km) series with relatively low (5.4-5.7 km/sec) velocity.

In order to study the surface of the basement, along with the refracted
waves, reflected and exchanged waves are used. The reflections from the
¢ boundary and the boundaries close to it will permit us to obtain important

- information about the velocity and the covering medium and about the parts

) of the structural relief, especially in the complicatedly constructed
sections. Using the exchanged waves (the PPS type refracted and transmitted
waves) gives additional information about the depths of occurrence of the
D boundary. The observations of the exchanged waves at the points with
known depth to the exchange boundary and the averafje velocity of the
longitudinal waves are used for more precise determination of the velocity
of the transverse waves in the covering medium. In addition, the fact of

- recording the intense exchanged waves under defined conditions can be
considered as an indication of a sharp, and not a smooth variation of the
elastic properties on transition through the exchange boundary.

When constructing the boundaries in the consolidated crust and on the M sur-
face it is necessary, even in the reconnaissance prospecting phase, to con-
sider the influence of the horizontal nonhomogeneity of the medium, The
calculation is made in two procedures, Initially, as has already been noted,
the times of the deep waves are reduced to the foot of the sedimentary
layer, which is usually the most nonuniform. Then by the corrected times,
the velocities in the consolidated part of the-section are found. The
horizontal variations of these velocitles to a significant degree are
controlled by the block structure of the medium, Therefore the averaging
of the velocity values used to calculate the depths is expediently carried

- out within the limits of the large uniform blocks,
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Figure 57. Example of the interpretation of the time field in

the first arrivals along the Irtysh traverse
(Western Siberia):
a ~— time field; b -- section. 1 = values of the times with
indication of the sounding base (in km); 2 -- vertical gradient
of the time field; 3 —- isolines of the time field; 4 ~- depths

according to the refracted wave data; 5 -- fracture zones;
6 -- boreholes
Key:

1. t, sec 6. Vboundary=5'6-'5'7 km/sec

2. Ust'-Ishim . Vboundary=‘5‘4 km/sec

3. Tara

4, Vol'sherech'ye

5.

"boundary=6' 0 km/sec

The construction of the M boundary usually is carried out both by the
reflected and by the refracted waves, Here preference, especlally in the
sections of sharp variation of depths, 1s given to the reflected waves.

The data for the refracted waves are used as control data, In order to
decrease the effect of the curvilinearity of the refracting boundary the
calculation of the depths by the data for the refracted waves is expediently

realized by the lines f%=const recalculated for the values close to the
x-axils of the initial point.
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Peculiarities from the Discovery of Velocity Distribution Anomalies

The information :vout the velocity distribution in the earth's crust in the
tops of the mantle, as has already been noted, is no less important than

the information about the configuration of the seismic houndaries. 1In order
to insure the required accuracy of determining the velocities it is
necessary to have sufficlent magnitude of the difference of the sounding
bases, the methods of evaluation of which are discussed above. The detail:
of the study of the velocity distribution along the traverses, especially
when using head waves, depends on the sounding bases used. Therefore in
order to discover the relatively nondrawn out anomalies of the boundary -
velocity it is necessary to use the data on soundings with the smallest
possible bases or to decrease them artificially by the corresponding
recalculation of the refracted wave time field.

In individual cases, there can be no direct data on the nonuniformities of
the upper part of the section. In such situations consideration of their
effect when determining the velocities can be given by preliminary trans-
formation of the field t(x, &;) with redistribution of the effect of the
surface inhomogeneities (Chapter II, §2).

The block structure of the earth's crust can lead to nonobservation of the
assumptions of the model of the medium used as the basis for the methods

of determining the velocities, Therefore the most reliable are the results
obtained by the soundings within the limits of one block. For small dimen-
sions of the blocks it is expedient to determine the velocities by the
soundings specially oriented with respect to the strike of the block.

The effective criterion when estimating the reliability of the data on the

velocities is convergence of the results obtained by the waves of different -
types. Thus, when studying the Mohorovicic discontinuity by the reflected '
or refracted waves the boundary velocity on the surface of the mantle can
be found both by the time field of the refracted waves and with the joint
use of refracted and reflected waves from this boundary. As an example of
such determinations with sufficiently high convergence of the results we
have the data on the Baykal region (Chapter V), by which the region was
discovered reliably with anomalously low (7.7-7.8 km/sec) velocity on the
surface of the mantle within the limits of the Baykal rift zone and on the
adjacent territory.

Isolation of the Blocks of the Earth's Crust and Deep Fractures

The fracture-block structure of the earth's crust is caused by the following
peculiarities, sufficiently reliably established during the reconnaissance
prospecting operations by the procedure of spot seismic soundings, In the
extended (about 100 km) or more) sections of the profiles of the depth of
occurrence of the seismic boundaries, the thickness of the earth's crust,
the broken nature of its fracturing into individual layers, the thickness

of these layers and the velocities of the elastic waves vary little.
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In the narrow articulation zomes of such sections, as a rule, manifested
with respect to the entire thickness of the consolidated crust the mentioned
parameters vary sharply. Frequently these zones are used as the tracing
boundaries of certain seismic surfaces imside the earth's crugst. The ampli-
tudes of the sharp variations of the relief of the seismic boundaries (in
the form of flexures or discontinuities) usually are 3-7 km. The thickness

3 of the layers can vary still more, The discontinuities of the boundary

) velocity at the basement surface reach 0.5-1 km/sec. In certain cases the

values of the mean and the stratal velocities vary noticeably.

The sections with sustained structure of the depths are considered as blocks
of the earth's crust. In the articulation zones of the blocks, in all
probability the large deep fractures have been developed, many of which
penetrate the entire body of the crust and, possibly, the tops of the earth's
mantle. The majority of deep fractures were manifested in the gravitational
and magnetic fields in the form of extended zones of intensive positive
magnetic anomalies, gravitational "steps" and shifting of the structure of
the anomalous fields. This permits more certain isolation of the zones of
probable deep fractures and routing of them to a significant distance from
the seismic traverses. The study of the discovered zones of deep fractures
must become one of the main problems of subsequent detailed studies.
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CHAPTER V. SPOT SOUNDINGS AND OTHER TYPES OF DEEP SEISMIC STUDIES

The procedure of spot soundings and the traditional forms of deep seismic
studies (continuous, dashed and dotted profiles) do mot contradict each
other. They must be efficiently combined with consideration of the specific
problems and the conditions of performing the operations. This combination
will be natural if we assume the above-investigated principle of the staged
nature of the studies. In addition, in the reconnaissance prospecting
phase of the operations it can turn out to be expedient to complete various
types of deep seismic studies.

A comparison of the spot seismic soundings with other types of seismic
studies has been undertaken to.estimate the possibilities of a new procedure,
the accuracy of the results obtained and also to discover the economic
expediency of its application during operations of varying detail.

§1. Testing the Sounding Procedure Using Continuous Profiling Data and
Comparison with the Drilling Data

The test discussed below was undertaken in order to estimate the possibilities
of a new procedure and accuracy of the results obtained regarding the
structure of the basement surface and deeper sections. The testing was
carried out in a number of regions characterized by various surface and

deep conditions: sections of the ancient Russian platform, the Ukrainian
shield, the young platforms (Turanskaya and Western Siberian), exnosed
regions of the Hercinian (Central Urals) and alpine (Carpathians) folding.
In these areas the KMPV refracted wave method and deep selsmic sounding
profiles which have been investigated in detail were selected. The observa-
tion systems were compiled by these materials to simulate the operations

by the procedure of spot seismilc soundings.

The testing of the sounding procedure began with investigation of the
materials (the hodographs, the seismogram montages) for one and two blast
points characterizing the standard conditions, These materials replace

the results of the parametric observations required to familiarize with

the conditions of the new area. Then sounding systems were compiled which
were calculated primarily to study the roof and the foot of the consolidated
crust. The data from each sounding were simulated by one seismogram
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at the required distance from the source. In all cases no more than 107 of

the total number of continuous profiling seismograms were used. In spite

of the relatively high detailing of the initial observation systems, in

the majority of cases 1t was not possible to achleve complete simulation

of the operations by the sounding procedure, The sounding systems obtained

did not have sufficient uniformity and density of the work, which led in a
- number of cases to the data on the structure of the medium schematically

obtained by them.

A comparison with the drilling results over a quite large volume was made
for the basement surface of the Western Siberian platform,

Western Siberian Platform

Here the results of the studies of the basement surface were estimated in a
number of sections, and the data on the structure of the entire thickness
of the earth's crust by the deep seismic sounding profiles south of the
city of Barabinsk were evaluated.

A comparison of the depths with respect to the basement surface with the
drilling data was made both for the sounding systems used during the
operations in the Tyumen' Oblast providing for recalculation of the
observed refracted wave times to the time ty (the systems E and B in Fig 23)
and for the arbitrary systems of spot soundings by the refracted wave.

The mass comparison (with respect to 47 wells) of the data by the E and B
systems was made in the Shaimskiy Rayon and on the traverse along the
Konda and Irtysh Rivers. In the Shaimskiy Rayon, in the vicinities of the
Tolumskoye and Severo-Teterevskoye uplift, the drilling of the wells was
carried out after completion of the sounding operatiomns. Very high con-
vergence of the results was obtained (see Table 2): the mean square error
is +40 m, that is, about 27 of the depth of occurrence of the basement.

In the broad Ob' region of Priob'ye where the basement occurs deeper
(2.5-3.1 km), the mean square divergence of the depths with ten wells for
the same sounding systems was +72 m or 2.6% [119].

A comparison of the depths with respect to the data from arbitrary sounding
systems using refracted waves and drilling made at several dozen points in

- the areas with an average thickness of the platform mantle of about 3 km
gave a mean square error of .+110 meters ox 3,5%, Some increase in errors,
apparently, is caused by the effect of the errors in determining the
distances and thus complete (by comparison with the operations in the Tyumen'
Oblast) consideration of the distortions introduced by the surface and
deep nonuniformities,
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Table 2

Comparison of the depths to the basement surface by the data
from spot sounding using the refracted wave method with the
drilling results in the Tyumen' Oblast
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. Depth of basement by drilling hy, meters

- Depth of basement by the TZ-MPV refracted wave method hj, m

. Difference in depths [h3—hh|, meters
« Relative error

o R

. R~1 (Leushi)

. Rwl (Nakhrachi)

. R-1 (Froly)

11. Shaimskiy Rayon

13, Severo-Teterevskoye vplift
14, Semividovskoye uplift

12. Tolumskoye uplift
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Figure 58. Comparison of the results of the correlation method
of refracted waves and spot soundings in the vicinity
of Tarskoye Priirtysh'ye (Western Siberia)
a -- graphs of the boundary velocity Vboundary' 1 -- for
averaging of the results of the KMPV refracted wave method (stepped -
line) on a 10 km base,. 2 -~ averare franh with respect to
the spot sounding data; b -~ seismic section: 1 —- according to
the KMPV data, 2 -- according to the spot sounding data,
3 -- depths to the basement surface by soundings.
Key:
1. Vboundary> km/sec

Comparison with the KMPV Refracted Wave Method Data. The boreholes reveal
the basement in the investigated region primarily in the uplift zones, and- -
therefore the results of the comparison made above can turn out to be ’
insufficient for the characteristics of the possibilities of the sounding
procedure in the deep trough zones of the basement surface accompanied by
the appearance of new series in the lower parts of the platform section.
Accordingly, comparisons were made with the results of the detailed profile
IMPV operations in the vicinity of Central Priob'ye [119], Tarskoye
Priirtysh'ye [47] and in other sections with deep (4 km or more) downwarps
of the basement surface. In all cases in the sections obtained by the
sounding data, all of the significant peculiarities of the surface relief

of the basement and distributions of the boundary velocity on the surface
isolated with respect to the KMPV research results are recorded,

Thus, in the standard profile in the vicinity of Tarskoye Priirtysh'ye
(Fig 58) the mean square magnitude of the divergences in the boundary
velocity is 0.24 km/sec, and on averaging the KMPV results from the 1C km
base, 0.13 km/sec. The differences in depths do not exceed 100 meters,

A comparison with the drilling data and the data from the KMPV method
indicates that under the conditions of the Western Siberian platform the
refracted wave sounding procedure had quite sufficient accuracy for
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regional studies of the basement surface. The mean values of the depth
errors amount to 2-4%, and the boundary velocity, about 3%.

The testing by the deep seismic sounding materials along the traverse in
the vicinity of Barabinsk was discussed in detail in reference [63].

The application of the interpretation methods developed in the spot sound-
ing procedure permitted us to obtain more complete information im the
given case about the structure of the earth's crust bv the available
scattered continuous profiling material than could be accomplished by
ordinary methods presupposing the presence of the hodograph system.

In the Sverdlovsk deep seismic sounding profile [28, 126] intersecting the
exposed Urals in the latitudinal direction and going beyond the limits of
the Western Siberian platform (to the city of Ishim), an interpretation was
also made of the continuous profiling data obtained by sounding procedures.
The results obtained in the western part of the section in Fig 68 are
Inferior to the continuous detailed profiling data, but they reliably
reflect the large-scale peculiarities of the deep structure, including the
existence of the "root" in the M boundary relief under the Urals.

Turanskaya Platform

The traverse from Kopetdag to the Aral Sea located in this region was
investigated by a dense network of continuous observations with maximum
length of the hodograph to 600 km for a distance between blast points of
20-50 km. As a result, a very detailed breaking up of the earth's crust
(8 boundaries are isolated in it) was obtained in the upper mantle to
depths of about 100 km [105]. During the testing [54], the spot sounding
systems were compiled for investigation of three boundaries: the roofs
and feet of the consolidated crust and also the boundaries in the upper
mantle.

The study of the surface of the consolidated crust (¢) was made using
refracted waves recorded in the first arrivals on soundings with bases from
2 to 40 km. 1In spite of the relatively sparse sounding network which

could be compiled by the available data, a proper representation of the
basic structural forms over this surface was obtained (Fig 59): a sharp
submersion in the direction of the pre-Kopetdag trough and the uplift with
emergence at the day surface in the vicinity of the Amu-Dar'ya River.

r

Lcoworkers of the Geophysics Institute of the UNTs of the USSR Academy of
Sciences (N. I, Khalevin, A, I. Bun'ko, E. A. Nezolenova) and the
Bazhenovskaya expedition of the Urals Territorial Geological Administration
(V. S. Druzhinin) participated in the interpretation.
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The study of the Mohorovicic discountinuity (M) was made by materials of

two sounding systems with bases equal to 80-~100 and 160-200 km respectively.
In the first system the reflections near the initial point were traced,

and in the second system, the refracted wave at transcritical reflection.
The averape velocity in the consolidated .crust and the houndary velocity

on the M surface found by the flelds t(x, 23) of the reflected and refracted
waves are found to be equal to 6.5 and 8.2 1m/sec respectively, which in
practice coincides with the continuous profiling results (6.5~6.6 and
8.1-8.2 km/sec). The determinations of the mentioned velocities by the
method of combined soundings of reflected and refracted waves turned out to
be the closest to the continuous profiling data: the divergences do not
exceed 0.2 km/sec and are equal on the average to 0,1 km/sec. The depths
and the M boundary relief also are in satisfactory correspondence to the
continuous profiling results (see Fig 59). The magnitude of the mean square
divergence of the depths is 2.3 km and the maximum is 4.7 km.

The Mj boundary in the upper mantle (see Fig 59) was studied by the
reflected waves by the sounding system with bases of 270-300 km. The times
of arrival of these waves were reduced to the foot of the earth's crust.

The stratal velocity in the body of the rock between the M and Ml boundaries
was found to be equal to 8.3 km/sec. The depths of occurrence of the My
boundary by the discrete and continuous observation data are distinguished
by no more than 5 km with a mean square deviation of 3 km.

The waves in the first arrivals at distances of 30-60 km from the source
were considered as refracted waves. The isoline of the stratal velocity
(v=6.3 km/sec) was constructed by them, the position of which agrees with
the velocity distribution in the medium by the continuous profiling data.

Areas of the Ukraine

In these areas with varied geological conditions, a significant volume of
deep seismic studieshave been performed with the application of the contin-
uous profiling systems with increased detail [108, 85]. The sounding
procedure was testedl on the materials from two profiles through the
Donets trough and the Carpathians. The first profile, which intersects
the Priazovskiy massif of the Ukrainian crystalline shield, the Donets
trough and the Voronezh massif, corresponds to the average conditions of
performing operations by the deep seismic sounding method with respect to
complexity. The second profile runs through the western edge of the Russian
platform (including a section of the Ukrainian shield), the pre-Carpathian
trough, the folded Carpathians and the Transcarpathian internal trough,

1This test was performed jointly with the coworkers of the Geophysics
Institute of the Ukrainian SSR Academy of Sciences by the recommendations
of the international working group of experts with respect to explosion
selsmology.
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Figure 59. Comparison of the results of continuous profiling
and spot sounding by the Kopetdag-Aral Sea profile.

1 -- seismic boundaries by the continuous profiling data.
The results of the spot soundings are as follows: 2, 3 and 4 --
depths with respect to the refracted wave data (2), critical (3)
and transcritical (4) reflections; 5 —- velocity isolines.
The velocity is given in km/sec.

" Key:

Aral Sea

Vboundary™ -

Consolidated crust

Kopetdag Ridge

Upper mantle

[ ER N SN
e 4 e s .

The variety of geological structures intersected by this profile is
accompanied by great complexity and inconstancy of the subsurface and
surface conditions,

The surface relief of the crystalline basement and the velocity distribution
along it with respect to the profile through the Donetsk truugh were
studied by soundings designed to record the refracted waves in the first

arrivals. The sounding bases were from 10-20 to 100 km. The spacing
between their centers is on the average equal to 10 lm. The separation of
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the refracted waves from the surface of the basement and from the boundaries
in the sedimentary series was performed in the field t(x, %;) with respect
to the magnitude of the boundary velocity (Fig 60), The sections of the
time field with a velocity of 5.9-6.1 km/sec belong to the wave from the
basement. The region with significantly smaller values of the velocity
(4.6-5.5 km/sec) corresponds to the waves propagated only in the body of

the sedimentary rock,

tc
(10

16 1

4

124

0 100 ' 200 ' 300 ' 400 zam

Figure 60. Wave time field in the first arrivals for the
deep seismic sounding profile through the
Donets. trough,
Key:
1. t, sec

In the investigated regions the Mohorovicic discontinuity is predominantly
studied by reflected waves which usually are detected the most clearly at
distances of 80-130 km from the source. The soundings with these values
of the bases were set up on the average every 20-30 km.

A comparison of the sections of the earth's crust (Fig 61) constructed
considering all of the continuous profiling data and by the compiled sound-
ing systems indicates the existence of differences iIn detail of the
representation of the geometric peculiarities of the crustal structure and
the velocity distribution In the medium, By the continuous profiling

results a more detailed dismemberment of the section vertically was

obtained, more detailed differentiation of the boundary and mean velocities
with respect to profile was established, and a dense fracture network was
discovered, The M discontinuity was characterized not as one sharp boundary,
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but as the concentration zone of reflecting areas having a thickness of
several kilometers.

The indicated differences pertain to the quite thin peculiarities of the
subsurface structure. The coarsc structural features, which are significant
for the reconnalssance prospecting phase of the operations are in practice
identical with respect to the data of the two procedures. Both the
boundary and the average velocities, if we consider the values for the
extended profile intervals, differ from each other by no more than

0.1-0.2 km/sec.

According to the sounding data the Mohorovicic discontinuity is approximately
in the middle of the zome of clustering of the reflecting areas established

by the continuous profiling procedure. As a result of the soundings, the
thickness of the earth's crust, its regional variations and the structures

of the M boundary with horizontal dimensions of several tens of kilometers

or more are reliably reflected. In the Carpathian profile a sharp thicken-

ing of the earth's crust is obtained ir the vicinity of the folded Carpathians,
and it thins under the Pannonskaya basi .

There are theoretical divergences in the depiction of the large features
of the surface relief of the crystalline basement, including the transition
section from the Russian platform to the pre-Carpathian trough (Fig 61, b).
Here, the deep fracture zone obviously reaching the tops of the mantle is
marked by the sounding results. The depth of occurrence and morphology of
the bottom of the Donets trough re reliably determined, the lateral zomes
of the fractures are noted in the sections of articulation of the trough
with the Ukrainian shield and the Voronezh massif (Fig 61, a).

Generalizing the data from comparing the results of the spot soundings with
the results of deep drilling and highly detailed operations by the continuous
profiling procedure with respect to all of the investigated areas, we

arrive at the following estimates.

The mean square magnitude of the divergences of the unit determinations

of the depths by the ¥ boundary is 2.2 km. This divergence is comparable
to the probable error and the results of the continuous profiling. When
studying the basement surface under relatively favorable conditions
(Western Siberia) the depths are determined with an accuracy to 100 meters;
under more complex conditions (the pre-Carpathian trough, the Donets
trough) the divergences increase, but as a rule, they do not exceed 100 m.
The divergences in the values of the velocities (their unit determinations)
usually are 0,1-0.25 km/sec,

The estimates obtained indicate that the accuracv realized in the spot
sounding procedure when determining the depths and velocities is entirely

sufficient for the reconnaissance prospecting of the earth's crust and
the tops of the mantle under various seismogeological conditioms.
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§2. Comparison of the Labor Consumption of Spot Soundings and Continuous
Profiling

Above, when testing the spot sounding procedure using continuous profiling
materials it was demonstrated that it permits discovery of the basic
features of the subsurface structure by the reference seismic boundaries
with sufficient accuracy for the regilonal phase of the investigations.

Let us compare the labor consumption of the operations by these methods,

M comparison of the labor consumption of the continuous and discrete
observation systems for operations of different detail will be made by the
number of sources (blast points) and the required seismic recordings,

By the seismic recording we mean the recording of the oscillations on one
seismic channel with one position of the source. Having data on the number
of recordings and the sources, it is possible with consideration of the
specific conditions to arrive at the cost of the field operations. Let
extended reflecting and refracting boundaries exist in the section of the
given region which correspond to the stable waves in some range of distances
from the source. It is necessary to find the number of sources and seismic
recordings for each type of observation for investigation with the given
detail of the boundary configuration and velecity distribution (mean or
boundary depending on the type of wave) in the same profile. The compared
observation systems will be constructed beginning with the following
requirements.

1. The systems must provide for the construction of the boundary and
determination of the velocities in the entire profile at points, the
average distance which does not exceed the given value.

2. The location of the sources and their receivers must satisfy the wave
correlation conditions by the corvesponding rules.

3. The observation systems must be economical, that is, contain the minimum
number of sources and receivers of oscillatioms.

Continuous Observation Systems. We shall consider that in the profile of
length 2xy the region of tracing the investigated wave is included in the
distance range from the source (L-AL, L), For simplicity let us assume
that the profile (2xg) and maximum recording distance (L) contain an
integral number of segments (AL).

Let us consider the reflected wave observation system, In order to determine
the depths and the velocities throughout the entire profile in this case

it is sufficient to have a continuous single tracing of the reflected waves
so that in the generalized plane the projection of the system of correlation
paths on the observation line will coincide with the iInvestigated profile.
For continuous tracing of the wave, each correlation path must have common
(mutual) points with the adjacent paths, The density of the receivers
established by the requirement of reliability of the position correlation

of the waves, as a rule, is appreciably higher than that required for
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[Legend and key to Fig 61, p 163]:

1 -~ seismic bhoundaries; 2 -~ depths with respect to the data from the

reflected waves and 3 —- depths by the data from the refracted waves;
4 -- mean and boundary velocities, kmfsec; 5 =- proposed deep fracture
zone; 6 -- stratal velocity isolines, km/sec.
Key:

1. Ukrainian shield 6, Transcarpathian trough

2. Donets-. trough 7. Folded Carpathian

3. Voronezh massif 8, Precarpathian trough

4, v i 9, Russian platform

d .
5. ngggngﬁgya basin

determination of the parameters of the medium with required detail, Conse-~
quently, the required detail of the prospecting will be insured. The
restrictions imposed on the continuous observation systems by economic
arguments were investigated by I. I, Gurvich [25]. The systems are
optimized by using the same sources for both direct and inverse correlation
paths with maximum possible length of each path.

The reflected wave observation systems constructed in accordance with the
investigated conditions are depicted in Fig 62, a, b, The first of them
is obtained for L>2xg, and the second, for L§2x0.

In the case of refracted (head) waves for the construction of the boundary
and deternmination of the boundary velocity over the entire profile it is
necessary to have direct and counter summary hodographs tied at mutual
points. This system is realized for several direct and inverse correlation
paths having no less than one common point., Let us limit ourselves to tying
the paths in one direction by the criterion of parallelness.of the over-
lapping hodographs when the position of the binding counter path is not
required for construction of the summary hodograph. The conditions of
economicalness of the observation system are the same as for the reflected
waves. The observation systems of the refracted waves for the cases of
1L>xg and Lsxg (Fig 62, d, e) have common receivers for the direct and
return paths.

The following expressions were obtained in reference [61] for determination
of the number of sources (q,) in the investigated continuous observation
systems. .

In the case of reflected waves

30+ = +' L .- 450 for L> 2%
. ot —%T T 4 1
Gn = OALZ YA —’2"‘—"‘— 2”°A'*I:L—1.for'L<2zo
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For the refracted waves
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Figure 62. Schematic of continuous (a, b, c, d) and
spot (e) observations,

From the summary it follows that the number of sources is determined by
the values of the ratios x9/L and L/AL (Fig 63, a).

The number of seismic recordings (Sn) in the investigated continuous
observation systems in the case of reflected waves is [61]:

S, =%’—[‘1,(%+i)f o (V.3)

165
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

where Ax is the seismic channel step size.

The number of recordings in the case of refracted waves considering elongated
overlapping hodographs will be

sn=4—:ﬂ(%%+1)+2(ﬁ_x)ﬁ, (V.4)

where f is the exteat of the overlap section of the overlapping hodograph,

Sounding Systems. In order to construct the seismic boundary (reflecting

or refracting) and for determination of velocities in the medium it is
necessary to have two isolines of the time field over the entire profile.

By the observed values of the times on any isoline the depth of occurrence

of the seismic boundary can be found. Therefore in order to imsure the
required density (8) for determination of the depths it is sufficient that

on each isoline the times will be found every 28 interval. The substantiated
density of the calculation points for the velocities will be half as much,
The observation density obviously must not contradict the reliability
conditions of the discrete correlation. Usually this contradiction is not
obtained inasmuch as the decrease in detail of the investigatioms, the
requirements on the accuracy of the wave correlation are reduced simultaneously.

[
dus 025
L 1

|
|
|
|
!
[
]
1 T ’ T T 1T T71 T T 1.1
1 z, 2z, L 001 Qo2 004 Gt QZ 04 G5 1
m T B 28
‘o au
Figure 63. Comparison of the labor consumption of continuous
spot observations,

a -~ ratio of the number of sources in the continuous cbservation
systems by refracted (1) and reflected (2) waves; b -~ comparison
of the number of sources for continuous and spot observations;
¢) the values of L/xo are given in parentheses for the reflected
waves), -
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The requirement of economicalness of the sounding system usually reduces to
: the minimum number of source; it is also not necessary to set off repeated
- blasts at each point, These requirements are satisfied if each source is
made common for four soundings, Shifting the source along the profile with
; a mean step size 28, we obtain the required observation density.

é The sounding system for the reflected and refracted waves corresponding to
the discussed conditions is presented in Fig 62, c. The number of sources
in this system will be

i qd=%(%+1}. (V.5)

The number of seismic recordings (Sq) will be determined, assuming that each
sounding contains a device with n channels (usually n=6),

84 =2n (Eﬁ— + 1). (V.6)

| Comparison of the Continuous Observatrn and Sounding Systems. Let us find
the magnitude of the ratio of the numl er of sources in the systems, In the
case of reflected waves using formulas (V.1) and (V.5), we obtain

In _ o (O 1= A0S '
9 2 AL (zy -+ §) V.7

or neglecting the small values ¢f 8/xy and AL/xo,
Doxo(or L) (V.7

In the case of refracted waves, using formulas (V.2) and (V.5), we find:

g 25 (3za+ L —104-L__}_{_L),
q_:=z,+6( Al AL 2 z) (V.8)
85
0 2% L L %1 for L>z,, .
-"zA——(3+;-—- 14+ =)= 5 L
° ° 4HO+:ﬂ,ﬁrL<%wvw

In both cases (reflected and refracted waves) the ratio dn/q, depends on

the values of §/AL and L/xy. In the coordinate system 9n/9g, 20/0L, on

the double logarithmic scage this function is depicted in the form of

a family of parallel straight lines with the parameter L/xg (see Fig 63, b).
The ratio of the number of sources in the continuous observation and selsmic
systems increases with an increase in the values of §/AL and L/xg. For
6/0L>0,25 and for any values of the parameter L/xg, the sounding system
will contain fewer sources (qn/qd>l). When 8/AL<0,125, the continuous
observation system has the same advantage (qn/qd<1). In the intermediate
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reglon, the ratio qn/qd assumes values from 0,5 to 2, The parameter L/x
has no strong effect on the value gp/qy; for the fixed value &/AL, the
ratio of the number of sources can vary by no more than 2 times as a
result of the variation of L/xg.

Let us proceed to a comparison of the number of seismic recordings. In the
case of reflected waves, the ratio of these values defined by the formulas
(v.3) and (V.6) will be

Tn

[

- 5(1+%) o (V.9)
a 3A1(1+—%)

[N

In practice the values of Ax/AL and §/xqp usually are much less than one,
Neglecting them, we obtain

S

Y . (v.9)

a-('a l;a

For the refracted waves, considering the overlap sections of the overlapping
hodographs, we find by using formulas (V.4) and (V.6):

S, 5 Az _L_Q_I_I_-)]
5, nBz(iF6/z) [2(1 +_A'E)+ = (L I (V-10)

or neglecting the small values of Ax/AL and §/xq,

gt [14 L (1)) (V407

In all the investigated cases the value of Sn/Sd is directly proportional
to the ratio of the required density of determination of the depths to the
step size of the seismographs. In practice the latter ratio is always
appreciably greater than one, and for low-detail studies it reaches several
hundreds. Correspondingly, the number of seismic recordings for operations
by the sounding procedure can be smaller than in the case of continuous
observations by approximately two orders,
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Table 3
@) 1) =
I uA; Dar n;x::‘-x. (.,%;?;. Ogin)- (6) m
©- 2o | cwor- nener [oT be- ok pe-l, 1SSy
Investigation 26y, e [p2008 s o 2| e
I. Study of the foot of the '
earth's crust:
- Reconnaissance prospecting
Refracted waves (p=2 km) 500 0.1 25 250 50 4 83
Transcritical reflection 500 0.1 25 250 50 3 83
Detail
Refracted waves (p=2 km) 500 0.1 5 250 50 0.8 17
Transcritical reflections 500 0.1 5 250 50 0.8 17
II. Study of boundaries in the
.consolidated crust:
Reconnaissance prospecting
Refracted waves 500 0.1 25 100 50 2,8 83
Reflected waves 500 0.1 25 100 50 2.4 83
Detail
Refracted waves 200 0.1 5 100 50 0.8 17
Reflected waves 200 - 0.1 5 100 50 0.6 17
III. Study of the basement surface
of the platforms by refraction
waves (the conditiomns of tt -
Western Siberian lowland):
Reconnaissance prospecting 500 0.05 5 15 5 4 33
Detail 100 0.05 0.515 5 0.5 3.3
IV. Study of the sedimentary
mantle by reflected waves:
Search for the second order 500 0.02 5 1 1 20 83
structures .
Search for the local uplifts 200 0.02 2 1 1 8 83
B Prospecting of local uplifts 25 0.02 0.251 1 1 4.2
Key:
1. Length of profile 2xp, km
2. Spacing of the seismogrophs Ax, km
3, Detail of the investigation §, km
4, Recording range L, km
5. Recording region AL, kn
6. anlqq
7. Sn/Sd (for n=6)
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The relations obtained permit us to give a comparative estimate of the labor
consumption of the field operations with respect to the continuous observa-
tion and sounding systems. The results of the calculations for various
types of studies are presented in Table 3.

Thus, for the continuous observations systems the requirements following from
the condition of roliability of the position correlation of the waves are
appreciably more rigid than those which are caused by the necessary detail

of determination of the parameters of the medium. This noncorrespondence

is especially great in the case of reconnaissance operations -- the number

of seismic recordings on the profile can be several orders higher than the
required number of points of determination of the depths and velocities.

As a result, during the reconnaissance prospecting operations using continuous
observation systems, significant redundant information is obtained not
required to solve the standing problem. This lowers the rates of investiga-
tion and increases their cost,

- During the operations by the sounding procedure it is possible to construct
observation systems in complete correspondence to the required detail of
the investigation of the medium. The discrete correlation of the reference
waves imposes no strict restrictions on the observation density. Therefore
the studies of a reconnaissance prospecting nature can be made with
appreciably less volume of field operations and in shorter times. By compari-
son with the continuous systems when using soundings in the reconnaissance
prospecting phase, a gain of several times in the number of sources of
oscillations and the number of seismic recordings by many tens of times is
possible. On making the transition to detailed studies, the advantages of
the soundings are lost.

Consequently, the subsurface seismic investigations are expediently carried
out in steps, using the sounding procedure for the reconnaissance prospecting
operations and converting to the continuous observation systems for increased
detail. The relations found above will help to select the appropriate

form of observations under specific conditions for the given detail of the
study.

§3. Spot Soundings, Dash and Dot Profiling

The dash and dot profiling briefly characterized in the introduction is

being widely used at the present time by foreign researchers for low-detail
studies of the earth's crust and the tops of the mantle, A comparative
analysis is presented below which does not claim to completeness of encompass-
ing all the problems of this verslon of the subsurface seismic studies

(in the form in which it is used for operation abroad on the dry land) and

the spot sounding procedures to compare the possibilities of these procedures
for solving the problems of the reconnaissance prospecting phase of the
operation.
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The observations systems used abroad, as a rule, are simple and relatively
low-labor consuming, often being a combination of dash and dot profilings:
along with the short longitudinal installations of the seismograph, isolated
single~channel recorders are used, The route along which the sources and
oscillation receivers are located must be rectilinear. This restriction,
from which the spot sounding procedure is to a significant degree free, can
cause significant difficulties during operations in inaccessible terrain.

The important difference in the compared observation systems consists in
approaching the selection of the ogcillation recording intervals. For the
dotted profile the receivers are relatively uniformly distributed, beginning
with the source of oscillations to a defined distance (to 200-300 km)., In
the sounding procedure, the wave f£ield is recorded only on the intervals of
removal from the source where the waves from the basic boundaries are most
reliably generated. This reduces { . number of seismic recordings and
increases the effectiveness of studying the principle (for the reconmnaissance
prospecting phase of the operations) pecullarities of the structure of the
medium, The uniformity of the recording with a dotted profiling insures
natural transition from the reconnais ance prospecting observations to the
detail path of simple clustering of tlic receiver network. However, consider-
ing the problems of the reconnaissance prospecting phase, it becomes signifi-
cant that the information about the structure of the medium which can be
reliably obtained in the case of low~detail studies, is distributed non-
uniformly in the wave field at different distances from the source. There-
fore the uniformity of the receivers leads to obtaining a significant number
of low-informative seismic recr 1lings to the loss of studying the wave field
sections which could be effect -:ly used for interpretation,

Let us compare the labor consumption of the spot soundings and the dotted

.profiling, taking the parameters of the corresponding observation systems

in the Baykal region [56] .and in the United States [148] as characteristic
examples., Let us state the problem of studying the earth's crust to its
entire thickness along the profile with length 2x0=500 km with the detail
which is used for the investigations in these areas.

For the operations by the procedure of spot soundings under the investigated
conditions, two observations systems are required: one with sounding bases

of 40-60 km is used for studying the Internal structure of the consolidated
crust with simultaneous tracing of the reflected and refracted waves, and

the other for recording the refracted and reflected waves from the M boundary
at distances of about 200 km from the source, The average distance between
the centers of the adjacent soundings in both systems 1s equal to =25 km.
The six-channel recorder (n=6) is used for each sounding, The oscillation
sources are common to both sounding systems, For simultaneous use of

eight recording stations, one blast at each point is sufficient, Substituting
the presented parameters in formulas (V,9) and (V.10), let us £ind the

total number of sources (qq) and seismic recordings (Sd) in the spot sounding
systems: q4=5, 83=264.
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Let us determine the number of sources (q.) and seismic recordings (S,) for
the standard system of dotted observationg on the 500-km profile, which
usually looks like the following. For blasts on both ends and in the middle
of the profile two pairs of counter hodographs are obtained in the distance
interval of 0-250 km from the source, The average distance between the
sclsmopraphs will be taken equal to 5 km (in a number of cases it 18 several
times greater). The simple calculations lead to the following results:
qp=3, Sp=200.

For a limited number of simultaneously operating recorders, the repetition
of the blasts at the same point can be required.

Consequently, the spot sounding and dotted profiling systems are close with
respect to labor consumption of the field observations, The dotted profiling
is several times more economical, especially with respect to the number of
oscillation sources. However, considering that on comparison the condition
of obtaining equivalent information with.respect to reliability and complete-
ness about the subsurface structure has not been stated, it is necessary to
consider other aspects of the compared procedures,

The identification of the waves, which to a very highly significant degree
influences the results cbtained, differs significantly in the compared
procedures. As has already been noted (§3, Chapter II), the conditions of

- discrete correlation in the sounding procedure are more favorable, for the
oscillation recording is done in specially selected intervals of distances
from the source optimal for detection of the given wave or group of waves,
In addition, effective procedures are used to monitor the correlation with
respect to a set of recordings with the introduction of quantitative
estimates of the reliability of the detection of the waves.

By the dotted profiling data, waves are quite reliably traced in the first
arrivals. The analysis of the subsequent part of the recording is usually
difficult. When using single seismic routes, the attribute of apparent
velocity important to the wave identification is lost; the random oscilla-
tions with small correlation radius can be erroneously taken as the regular
wave. As a result of the significant (5 km or more) distances between the
single recordings it is impossible with sufficient effectiveness to use the
basic criteria of the position correlation: the cophasalness of the
oscillations, smooth variation with respect to the amplitude profile and
other characteristics of the shape of the recording of the traced wave. The
transposition correlation (identification of like waves by the recordings
from different sources) is also complicated, for as a result of significant
(150-300 km) distances between the blast points, as a rule, for the majority
of waves, the correlation bound system of hodographs is not created, The
mutual points usually have only hodographs of refracted waves from the M
boundary. The hodographs of the waves from the intracrustal boundaries

are not connected to each other,
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The foreign researchers, in all probability, to a more significant degree
than occurs during continuvous profiling operations and spot sounding in

the USSR, use the previously adopted concepts of the model of the medium
when isolating and tracing the waves. They strive to match the theoretical
hodographs at least in the rough approximation corresponding to these models
with the observed wave field, as a rule, without proper consideration of

the horizontal nonuniformities of the medium which in practice are always
present. The theoretical hodographs superposed on the seismogram montage
presented in a unit time scale are investigated as correlation. lines.
Usually significant nonuniformity of the wave correlation occurs by the
dotted profiling materials, especially in the subsequent part of the seismo-
grams where in the given case there are no substantiated criteria for tracing
one wave or another from one path to the other. The necessity for having
sufficiently extended hodographs forces the interpreter to try to trace the
waves also in unfavorable intervals for isolation of them where the correla-
tion cannot be realized reliably and 1s carried out with a high degree of
subjectiveness.

The methods of determining the parameters of the mediun by the spot sounding
materials investigated in detail in Chaj:er IV will permit us to determine
the geometric characteristics of the section and the velocity distribution

in the medium with accuracy and detail sufficient for the solution of the
problems of the reconnaissance prospecting phase of the studies. This is
confirmed by comparing the results obtained with the continuous profiling
data under various conditions, including with sufficiently complex subsurface
structure.

Without specially discussing the interpretation procedures used abrnad for
the subsurface seismic studies, let us discuss in brief some of the most
significant peculiarities characteristic of the low-detailed dotted profiling
and caused by the systems of observations used and the wave correlation
conditions.

It has already been noted that as a result of incompleteness of the observa-
tion systems during operations abroad usually the system of hodographs is
obtained which is not correlation-wise connected to each other. Therefore
in order to determine the parameters of the medium often studies are made
of the individually taken signal hodographs by which in the case of head
and refracted waves it is impossible sufficiently correctly to consider and
discover the effect of the horizontal nonuniformities of the medium, even
if the latter have a linear nature, In this situation the interpreter is
forced to take a model of the medium in which the elastic parameters vary

- (smoothly or discontinuously) only along the vertical. The representation
of the variations of the elastic wave velocities and the geometric parameters
of the medium along the profile are obtained as a result of interpolation
of the data with respect to the sparse network of determinations by single
hodographs significant distances from each other (to 200 km or more).
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A consequence of these peculijarities is not always sufficient (even for
reconnaissance prospecting) detail of the study of the horizontal nonuniform-
ities of the medium and the relatively low reliability of discovery of the
vertical variations in the velocity inside the earth's crust. When solving
the latter problem abroad efforts are often made at very detailed breakdown
of the section, including with isolation of the wave guide layers in the
crust.

It is of interest to determine the errors in the parameters of the medium
if in the case of real inclined boundaries the interpretation is made under
the assumption of horizontal occurrence.

Let us consider the layered model in which the boundaries between the
individual layers make an angle ¢ with the x-axis identical for all boundaries.
The sign of ¢ is positive in the direction of drop. Let us assume that the
thicknesses of all k layers (k=1,2,3,,.) are identical, and the velocities
built up from layer to layer uniformly, that is,

Vp— U = Uy — Vs = o4 « = Ug = Vpeage

The effect of omission of the layers will not be observed in.this model.
The expressions for the errors in depth and velocity can be written [98] in
the form:

. Ahk___ U1 )
h_h- = (pd)l(“v;v k ’

)

The graphs of the functions &; and ¢, are depicted in Fig 64,

Let us consider the numerical results for the seven-layer model of the

earth's crust. The variation of the velocity with depth takes place from

5.5 to 8.0 km/sec; the total thickness will be 42 km. The selected parameters
of the velocity section are characteristic of the average continental

section of the earth's crust (Fig 65). Let us analyze the possible errors

in the interpretation if the experimental data are presented in the form of

a single hodograph, two overlapping hodographs and two counter hodographs.

1. Single hodograph. The errors when determining the boundary velocity
increase for all deeper horizons and for ¢=2P constitute 1.65, 2,52, 2.94,
3.43, 3,87 and 4.257 respectively (see Fig 65), With 2 slope of 5°, for the
same boundaries they are equal to 4, 5,83, 7,24, 8,57, 9,73 and 10.70%,

The errors in the depths to the refracting horizons are characterized by
somewhat different distribution, Both for ¢=2° and for ¢=5° the maximum
error occurs determining the depth to the first refracting horizon and it

is equal to 7.62 and 19% respectively, On making the transition to deeper
horizons, the sign of the error changes, and its own type of compensation
takes place. With a slope of 2° the errors are 3.1, 1.7, 0.9, 0.03;and 0,04%,

. for ¢=5°, 7.2, 4.3, 2,25, 0,8 and 0.%%4
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Figure 64. Graphs of the functions: a -- ¢.(v,/v,y, k)
1V 2
and b —- @2(v1/v2, k).

2. Overlapping Hccographs., It .s proposed that in the first step, the
boundary velocitiés and the depthis to the refracting horizons were

determined independently by each of the hodographs. 1In this case the errors
will be the same as when interpreting a single hodograph. Then the velocity
isolines were drawn through two velocity columns. For angles of ¢=2°,

5° the slope of the isolizes in practice does not differ from the theoretically
given values, and the errors in the velocities are approximately the same as
for a single hodograph.

3. Counter Hodographs, The interpretation of the counter hodographs was
made just as in the case of overlapping hodographs. For each of the hodographs
the errors are characterized by opposite signs; therefore the equal velocity
i1solines can also be characterized by opposite slopes, that is, significant
distortion of the structural forms occurs, Thus, for ¢=2° the slope of the
first refracting horizon coincides with the given one; the second and third
horizons have already been significantly distorted, and the slopes of the
fourth and subsequent boundaries have opposite sign by comparison with the
Znitial one (see Fig 65). Still more expressed distortions of the structural
forms are observed for ¢=5°, Here the first refracting horizon is
characterized by the opposite sign of the slope by comparison with the initial
one, :

The performed analysis indicates that the use of the simplest systems of
single hodographs or pairs of overlapping and counter hodographs for .
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Figure 65. Example of distortions in depths and velocities
connected with failure to consider the slope of the refracting
interfaces. The seven-layer model of the earth's crust with
identical thickness of each layer equal to 7 km and the
velocity gradient between layers of 0.5 km/sec was taken as the
initial model.
1 — initial vertical section; 2 -~ velocity columns obtained
when processing the hodograph in the direction of fall correspond-
ingly with sources of the points A, B, C; 3 -~ the same in the
direction of ascent; 4 -- lines of equal velocities obtained as
a result of independent processing of the two counter hodographs
with sources at the points B and C.
Key: :

1. v, km/sec

independent processing of them leads to highly significant errors in depths,
slope angles and velocities even for very small slope angles of the inter-
faces.

Under actual conditions obviously the monoclinal occurrence is observed most
frequently in relatively small segments of the profile hardly exceeding
approximately 100 km, However, at the same time the local slopes can change
sign, which leads to an apparent increase in the differentiation of the
section with respect to velocities and distortions inithe structural forms
of approximately the same order as the ones obtained above for the monoclinal
occurrence,
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The sections of the earth's crust obtained by the data for the compared
procedures differ somewhat. As a result of the dash and dot profilings
usually more broke earth's crust is obtained along the vertical, for the

- wave field is recorded relatively uniformly with respect to the entire
interval of distances from the source. Therefore there is the possibility
of the isolation a quite large number of waves with one degree of reliability
or another with stable characteristics within the limits of one or two
counter hodographs. Here, however, not all of the waves (and, consequently,
the boundaries corresponding to them) can be identified in the entire
investigated profile.

The spot sounding procedure, which is inferior to dash profiling in vertical
breakdown of the section permits us to obtain more detailed and reliable
information about the horizontal nonuniformities of the medium, its block
structure with isolation of the abyss . fracture zones. The increased
reliability of studying the horizontal nonuniformities in the sounding pro-
cedure is insured by tracing only the clearest waves from the reference
boundaries. By the data obtained in this way both the morphology of these
boundaries and the basic peculiarities ¢ the variation of the elastic wave
velocities along the investigated traverscs are determined quite reliably.

When selecting the specific method of reonnaissance prospecting, an important
role is played by the conditions of performing the field operations. The
dash and dot profiling can turn out to be economically more advantageous in
easily accessible areas where the blasting at a large number of points is
complicated for one reason or ano her, In inaccessible areas such as

Siberia and the Far East with fo.ested, swampy or mountainous terrain, the
spot sounding procedure has indisputable advantages.
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CHAPTER VI. RESULTS OF USING THE SOUNDING PROCEDURE

The procedural and equipment development discussed in the preceding chapters .
have led to the creation of an effective method of regional seismic operations
in inaccessible areas, which has made it possible to resort to systematic
studies of the structure of the deep structure over broad territories of
Siberia with the solution of two basic problems: 1) regional investigation
of the basement of the Western Siberian platform and the Siberian platform, L=
primarily in comnection with the requirements of petroleum and gas geology;
2) the study of the deep structure of the earth’s crust in the tops of the
mantle. The procedure is exploited by a number of production organizatioms.
In particular, in the territory of the Tyumen' Oblast these operations are
performed on profiles along the basic river basins (Ob', Irtysh, Konda,
Kazym, Dem'yanka, Pyaku-Pur, Vakh, and so on), where 1arge—sca1e netroleum
- and gas formations were later discovered, In the vicinity of the Shaimskiy
structural swel]l, large-scale area surveys have been performed over an
area of 2750 km“, and the results were completely confirmed by detailed
- seismic operations by the reflected wave method and drilling.

The study of the basement surface by the sounding procedure started at the
end of the 1950's in the Tyumen' Oblast has been developed broadly since

the middle of the 1960's initially in the Western Siberian platform and then
on the Siberian platform (in the vicinity of the Tungusskaya syneclise,

the Nepskiy arch, Yakutia). The extent of the investigated traverse reaches
25,000 km; the area surveys have been performed in individual regions.
Recently we have converted to area studies not only in the basement surface,
but also the inside structure of its upper 5 to 10 kilometer thickness,

These operations performed in the southern part of the Western Siberian plat-
form over an area of 100,000 km? are important in connection with the problem
of studying the Paleozoic deposits of this regionm,

The studies of the entire earth's crust and the tops of the mantle along the
regional traverses and in individual cases, in the form of the area surveys
were the first application of¥ ‘seismology of blasting when studying the deep
structures of Siberia, The operations were performed in the central and
southern parts of the Western Siberian platform, in the southern and eastern
regions of the Siberian platform, within the Altaye-Sayan and Baykal:

folded regions, and in the vicinity of the Baykal rift.
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Figure 66. Schematic of the basic traverses and areas of
regional seismic research in Siberia

1 — deep seismic scunding profiles; 2 ~- profiles made to

study the basement; 3 -~ sections of area studies of the basement.
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The results obtalned arce sufficlently representative both with respect to
volume of research (16,000 km of traverses) and with respect to encompassing
of various geological situations, In addition, the new'procedure was used
for the seismic study of the subsurface structure of Antarctica performed
first by Soviet researchers, and it was used when interpreting the materials
of the blast seismology obtained by the American geophysicists in the
vicinity of Verkhniy Lake (the Canadian field).

The results obtained are the result of relatively low-detail operations of

the reconnaissance prospecting phase, Their purpose was expressed discovery

of the large-scale deep structures of broad regions. In the sections of
greatest interest, detailed studies must be made. The distribution of the
traverse and area operations by the sounding procedure in Siberia is illustrated
in Fig 66.

The statement of the indicated operations was preceded by testing the new
method on the materials from high-detail seismic studies of different depths
under various geological conditions.

§1. Deep Seismic Studies in Western Siberia

The basic geological structure in the investigated territory is the epihercinic
Western Siberian platform, in the sedimentary mantle of which the richest

0il and gas reserves have been discovered, The platform is surrounded by
Paleozoic folded structures of the Urals, the Kazakh mountain areas, Altay

and Sayan; in the east it is bounded by the ancient Siberian platform.

Information about the structure of the deep parts of the earth's crust and
the top of the mantle in Western Siberia were highly schematic before the
deep seismic sounding operations. This information had been obtained primarily
on the basis of gravitational and magnetic data. Before the deep seismic
studies of the reconnaissance prospecting phase, the goal was set of dis-—
covering the general laws of the structure of the folded basement, the deep
zones of the earth's crust and top of the mantle, the regionalization of.the
territory with respect to the deep structural peculiarities with isolation

of the large crust-mantle blocks and the abyssal fracture zones. The deep
ismic sounding data had to be used as the reference for a profound geologi-
11 interpretation of the entire set of geophysical materials,

In this region the first studies by the deep seismic sounding method were
performed in 1959 (SNIIGGIMS Institute, the Novosibirsk Geophysical Trust
[82]) in a 300-kilometer continuous profile to the southeast of Barabinsk,
In 1962-1970, the Novosibirsk, Tomsk Main Administrations and the IGiG
Institute of the Siberian Department of the USSR Academy of Sciences used the
procedure of spot seismic soundings to study the structure of the earth's
crust and the top of the mantle by a series of traverses connected to each
other with a total extent of 6000 km [60, 110, 97, and so on] (see Fig 66).
In the inaccessible part of the region for the seismic traverses in practice
all of the navigable rivers south of the latitudinal course of the Ob' were
used. '
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The basic resultant structures investigated below are seismic sections

with respect to five connected regional traversest {Fig 67-71) and the

block diagram compiled on the basis of them (see Fig 72). If possible

these data characterize the large-scale structural features of the earth's
crust and the top of the mantle in the central and southern parts of the
Western Siberian platform and its folded frame in parts of the Yenisey Ridge,
the Altaye-Sayan Oblast and Northern Kazakhstan. For characterizatlion of
the properties of the deep rock, the sections are accompanied by graphs cf
the mean and boundary velocities along the corresponding traverses.

Structure of the Upper Part of the Consolidated Crust

The seisnic studies of the upper part of the consolidated crust were made
with detail permitting discovery of the velocity anomalies in the medium and
the deep structures a few tens of kilometers or more across. In order to
compile the seismic model of this part of the section, some of the results

of the operations by the reflected wave method were used. Let us characterize
the basic seismic boundaries.

The reflecting boundary £ traced by the reflected wave data lies in the lowest
part of the Mesozoic-Cenozoic platform mantle and can be considered its foot
with sufficient approximation for regional operations.

Refracting Surface ¢. The refracted and exchanged (PPS type) waves from it
in the internal parts of the Western Siberian platform usually are recorded
on soundings with bases of 10-25 km. On the arches of the uplifts, this
boundary coincides with the foot of the platform mantle (with a boundary f).
In the troughs the indicated boundaries diverge by 1-2 km. The layer
included between them has an elastic wave velocity to 4.5-4,.8 km/sec and,

in all probability, corresponds to the sedimentary-vulcanogenic rock of
supposedly Triassic and Lower Jurassic age. On making the transition through
the ¢ boundary, the propagation rate of the elastic wave increases sharply,
as a result of which clear refracted waves are formed on it. The sharpness
of the gradient of the elastic properties on this boundary is confirmed by
the occurrence in it of sufficiently intense refracted and transmitting
exchanged waves. The boundary ¢ in the exposed regions coincides with the
day surface, in the internal regions of the Western Siberian platform it
submerges to 4.4 km, and in the north and the northeastern part of the plat-
form (the Pur River, the lower course of the Yenisey River) reaches 6-7 km.
The distribution curve of the boundary velocity (Vboundar ) is characterized
by a wide range of variations and has a complex 2-modal form with peaks at
values of 5.7 and 6.1 km/sec, The noted peculiarities indicate significant

1When compiling the sections, the results of the deep seismic sounding with
respect to continuous profiles through the Central Urals (the UTGU
Administration, the Geology Institute of the UNTs of the USSR Academy of
Sciences) and the Barabinsk-Ovechkino profile (SNIIGGIMS, NTGU).were alsc
used. )
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petrographic nonuniformity of the rock emerging to the & surface, The

next, deeper boundary I is also isolated by the refracted wave data in
soundings with bases of 30-60 km, In the investigated territory its maximum
submersion reaches 11 km. The boundary has discontinuous propagation and

a typically block form of relief. The extended sections of comparatively
gently sloping occurrence of it are disturbed by multikilometer scarps,
along which it rises to the level of the ¢ surface or is exposed on the day
surfaces in the vicinity of the Salairskiy and the Yenisey Ridges). The
magnitude of the boundary velocity is more sustained than on the ¢ surface,
and it is 6.0 to 6.6 km/sec. The problem of whether the boundary I is
accompanied by a sharp velocity discontinuity or smooth variation of the
velocity properties in some depth range cannot be given an entirely defined
answer for the entire investigated territory by the available data. In some
cases (the vicinity of the Kuznetsk trough) clear exchanged waves are
recorded (refracted and transmitted) from this boundary; comsequently, there
. 1s a quite sharp velocity discontinuity. In other regions (the latitudinal
course of the Ob' River) such waves have not been obtained, and the problem
of sharpness of the boundary remains to a significant degree indeterminate.

According to the set of data on the cunfiguration of the seismic boundaries
% and I and the velocity distribution in the medium in the investigated
territory of Western Siberia it is possible to isolate three types of
structure of the upper part of the earth's crust shown in Fig 73 in the form
of schematic columns. It is possible to determine the propagation of the
various types of structure by the block diagram in Fig 72

Let us classify the sections & Ffirst type where the boundary I occurs 2 to
10 km below the ¢ surface. In such sections the propagation rate of the
elastic saves on the ¢ surface is somewhat reduced, and usually it is

5.0 to 5.6 km/sec, that is, it corresponds to the left maximum of the
distribution curve Vpoupdary. This type of structure is extended to 70% of
the total extent of all of the deep seismic sounding profiles, The territory
of the Kuznetsk trough is characterized in the folded frame zone by this

type of section.

The second type of section coes not contain the I boundary. A high value

of the boundary velocity on the ¢ surface is characteristic (6,1-6.4 km/sec).
In the given case on this surface, in all probability, rocks are detected
which usually occur under the I boundary, The noted structural characteristics
are encountered within the limits of the Western Siberian platform (for
example, in the section of the Ob' traverse between the villages of
Aleksandrovskoye and Ust'-Tym) and in the exposed regions (Salairskiy

Ridge).
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Figure 71. Kolpashevo-Tashtagol traverse.
For the provisional notation see Fig 67.
Key:
1. Kolpashevo 5. Kuznetsk trough
2. Western Siberian platform 6. Tashtagol
3. Tom'-Kolyvanskaya folde' zone
4. Kemerovo

The third type of section, also without the I boundary, was established in

the exposed Tom'-Kolyvanskaya folded zone and in the section north of it

up to the vicinity of Kolpashevo. In contrast to the second type section,

here the velocity on the ¢ surface is 5.3-5.9 km/sec, and the lower series

of rock about 5 km thick is in the first approximation the gradient medium

in which the velocity increases on the average by 0.05-0.15 km/sec for each
kilometer of depth. The maximum increase in velocity is characteristic

of the exposed sections.

The indicated three types of seismic section correspond to three types of
basement blocks delimited by the deep fractures and forming a complex mosaic
structure in plan, which in the southern regions of the Western Siberian
platform have been studied by the procedure of the area type z2ismic
soundings. ‘
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Block diagram of the structure of the earth's crust in
Western Siberia

Figure 72.

[see p 189 for legend and key]
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[Legend and key to Fig 72]1;:

1 -- seismic boundaries: ¢ ~~ basement surface (refracting boundary),

1 -- refracting boundary inside the basement, IT -- reflecting boundary
in the crystalline crust, M -- foot of the earth's crust; 2 - isolines
of the stratal velocities, km/sec according to the refracted wave data;

3 -- boundary velocity, km/sec; 4 ~- abyssal fracture zome; 5 —- boundary
of the folded framing of the Western Siberian platform.

Key:
1. Urals folded region 11. Barnaul
2. Sverdlovsk 12. Kemerovo
3. Tyumen' 13, Altaye-Sayan folded region
4, Tobol'sk 14, Yeniseysk
5. Khanty-Mansiysk 15, Siberian platform
6. UWestern Siberian platform
7. Aleksandrovskoye
8. Kalpashevo
9. Novosibirsk
10. Barabinsk
' ' ? 3
fv
TN
I AR
A\
] I N\ Y '\\\Q:
1f n|:.‘ l \\\\\\\\
A 11
, S
Figure 73. Types of seismic sections of the upper part of the
earth's crust in the southern part of the
Western Siberian platform
a -- platform mantle; b, ¢, d' ~- layers with the velocity
vy, km/sec: bI4,5-4,8 (Triassic and Lower Jurassic rock),
¢~5,0-5.6, possibly made up of slightly metamorphosed Paleozoic
rock, d%6,0-6,4; d' <~ vertical gradient medium (v(25.5 kn/sec,
dvfdz30,1 sec™l). £, ¢, T -~ reference seismic boundaries.
;
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Deep Zones of the Earth's Crust and the Tops of the Mantle

The structure of the deep parts of the section was studicd in less detail
_ with discovery of the deep structures about 100 km or more across.

In the central part of the section of the earth's crust at depths of 15-30 km
by the reflected wave data recorded at distances of 40-70 km from the source,
the IT boundary was established. The recordings of the refracted waves
corresponding to it were obtainmed only iun the region east of Khanty-Mansiysk,
the boundary velocity here is about 7 km/sec. The boundary is traced dis-
continuously with a different degree of reliability. In the scattered
sections, various seismic surfaces were possibly traced. The most reliable
data were obtained along the Khanty-Mansivsk-Kolpashevo-Kemerovo traverse,
and on the low end of the profile along the Irtysh River. The slope angles
of the investigated boundary usually do not exceed 2° with the exception

of the sections of sharp flexural bending. In such sections with more detailed
investigations multikilometer scarps with a discontinuity will possibely be
established.

The Mohorovicic discontinuity (M) has been studied by the reflected and
refracted wave data on soundings with bases of 170-220 km. The characteristics
of this boundary are of special interest, for they permit determination of

the properties of the tops of the earth's mantle.

The depths of occurrence of the M boundary in the investigated territory of
Western Siberia vary from 32 to 52 km. The mean value of the depths for the
Western Siberian platform is 8-10 lm less than the adjacent regions of the
folded frame.

The surface relief of the mantle depicts the block mature of the latter. In
the internal part of the platform, sections of almost horizontal occurrence
of the surface predominate. The transitions from sectiomn to section are
accompanied by sharp variations in depth to the surface of the mantle. The
minimum depths (32 km) have been established in the vicinity of Omsk, the
maximum depths (44-45 km), in the eastern Yenisey part of the platform.

Block features also appear in the distribution of the slope angles of the M
boundary. Along with predominance of the small angles (0-3°) increased

values nf them are noted which are characteristic of the sections of relatively
sharp flexures and possibly the mantle surface scarps. The amplitudes of the
flexures (scarps) are usually several kilometers, reaching 8 to 10 km in
individual cases.

The mean value of the boundary velocity on the !{ boundary for the Western
Siberian platform is close to the normal value and is equal to 8.0 km/sec.
The sustaining of the velocity within the limits of the entire investinated
territory of the platform is characteristic -- systematic deviations from the
mean values do not exceed +0.1 km/sec, The transition to the folded framing
regions, as a rule, is accompanied by an increase in the velocity in the

tops of the mantle.
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Figure 74, Diagram of the blocks of the earth's crust in
Western Siberia
1 —- deep seismic sounding profile; 2 -- abyssal fracture zones

according to the deep seismic sounding data (tracing by the

magnetic and gravitational field anomalies):

a -- fractures

encompassing the entire crystalline crust; b -~ fractures appearing
in the upper part of the crust; 3 -~ abyssal fractures according
to geological data; 4 —- block numbers; 5 -~ positive magnetic
field anomalies; 6 -~ thickness of the earth's crust; 7 -- pressure
(in kilobars) at a depth of 50 km; 8 ~- sections with high (6.0-

; 6.4 km/sec) velocities on the basement surface; 9 -~ sections

- i with anomalous properties of the tops of the mantle; 10 —- boundary
: of the folded frame of the Western Siberian platform.

Key:
1. TUrengoy 6, Kolpashevo 11,
- 2. Turukhansk 7. Yeniseysk 12.
: 3. Khanty-Mansiysk 8. Tyumen' 13.
. 4, Surgut 9. Tobol'sk 14,
; 5. Aleksandrovskoye 10, Ishim 15.
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Petropavlovsk 16. Tselinograd
Omsk 17. Kemerovo
Barabinsk

Novosibirsk

Tashtagol
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The differences with the regions of the Urals and Morthern Kazakhstan are
especially significant, where the velocity is 0,3-0.4 km/sec more than in
the territory of the Western Siberian platform.
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Figure 75. Diagrams of the dismemberment of the earth's
crust in Vestern Siberian according to elastic
properties
a —— generalized scheme; b -- schemes for individual regioms.
® -- basement surface; M -- Mohorovicic discontinuity; I and II --
boundaries inside the consolidated crust, 1 -- reflecting
boundary; 2 -- refracting boundary; 3 —-- reflecting and
refracting boundary. vr, v, -- boundary and average stratal
velocities, km/sec; p -— demsity, g/em3.

The positive information about the properties of the upper part of the mantle
itself were obtained by the dynamic characteristics of the reflected and
refracted waves from the Mohorovicic discontinuity. The magnitude of the
amplitude ratios of the mentioned waves recorded on one seismogram with
fixed distance from the source (200 km) in the greater part of the investi-
gated territory fluctuates within the limits of 1.5-10, and it is equal on

. the average to 4. The anomalous, sharply increased values with a mean value
of about 26 and a range of variation of 10-50 were obtained in the south-
western part of the Western Siberian platform near the cities of Tobol'sk,
Omsk and Ishim (Fig 74). A comparison of these experimental data with the
results of theoretical calculations for a number of models of the medium
will permit the proposition that in the greater part of the territory the
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velocity under the M boundary will increase with depth on the average

2-5 m/sec for each kilometer of depth. In the anomalous region the magnitude
of the velocity gradient is in practice equal to zero. Thus, along with
sustaining the propagation rate of the elastic waves along the surface of

the mantle within the limits of the entire southern half of the Western
Siberian platform, the tops of the mantle are nonuniform with respect to
magnitude of the vertical velocity gradient.

By the set of data from the deep seismic sounding method chavacterized
above, the basic features of the deep structure in the investigated territory
of Western Siberia are formulated as follows.

1. Along with the regionally sustained seismic boundaries -- the surface

of the basement and the Mohorovicic discontinuity -- intermediate boundaries
which do not extend everywhere have been isolated in the earth's crust. As

a result of their discontinuity anu wedging out of the sedimentary series,

the earth's crust is broken down into different numbers of layers in different
sections, (with identical detail of the studies) -- from one to four layers.
The generalized data on the breakdown of the section with respect to the
elastic properties are presented in "ig 75.

2. The basement surface of the Western Siberian platform on the regional
level has relatively little broken relief with predominance of the slope
angles of 1-2° and highly complex distribution of the boundary velocity with
amplitude of its variation of more than 1.5 km/sec. All of the lower
boundaries are characterized bv the block form of relief -- extended sections
of gently sloping occurrence @ angles of 0-3° are disturbed by sharp
flexures or scarps with shifting of several kilometers.

3. The surface of the mantle under the Western Siberian platform is
characterized by a sustained value of the boundary velocity of 7.9-8.1 km/sec.
- In adjacent parts of the folded frame the velocities increase to 8.2-8.4 km/sec.
; In the southwestern part of the platform, in the section with horizontal
dimensions of several hundreds of kilometers, an anomaly was discovered in
the dynamic characteristics of the elastic waves from the M boundary. The
probable cause of the anomaly is a reduced value of the vertical velocity
gradient in the rock making up the upper part of the earth's mantle itself.

Laws of the Deep Structure of Western Siberia

Let us begin the analysis of the general relations by comparing the geometric
characteristics of the basic seismic boundaries and layers occurring at
different depths.

For quantitative evaluation of the deep structural nonuniformities let us
consider the mean square deviations of the depths of occurrence of the
boundaries (ch), their slope (o,) and also the thicknesses of the layers (og).
The deviations are taken from the mean values of the corresponding parameters
characterizing the dismemberment of the relief of the seismic boundaries

and variability of the thicknesses of the layers. The corresponding data
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for the ¢, I, IT, M boundaries in increasing oxder of thelr averape depths
(h) are presented below, The data pertain to the Khanty-Mansiysk-

- Kolpashevo-Kemerovo traverse where all of the interfaces are reliably traced
out. The traverse passes through the central and lateral part of the
Western Siberian platform, it intersects the closed section of the Tom'-
Kolyvanskaya folded zone. Tach parameter is calculated by 20 to 30 values
averaged on a 50 km base:

.l'paml:—ua R, KM Ohy KN Jp (Sgon OH, ®M
® 2,7 +1,1 4055’ 0—D - +1,1
i 5,6 +1,8 1.2°%0’ ®—I +1.8
11 21,0 +2,8 1150/ I—II +2,0
M 38,3 +2,8 4.2°20 1I-M +4,8
- Key:
1. boundary
2. layer
- The presented data indicate the general trend of an increase in the geometric

nonuniformities of the structure from the upper boundaries and layers to the
lower ones. The surface relief of the basement (%) and the thickness of the
layer of sedimentary deposits (0-¢) are the least variable -- all of the
compared parameters for the deeper parts of the section have 2 to 4 times
greater values. The platform mantle of the Western Siberian platform, as is
known, is very slightly dislocated. For example, the fluctuations of the
contact surface of the Cretaceous and Paleogenic deposits do not go beyond
the depth range of 0-800 meters for regional slopes of only 0° to 0°12'.

The day surface is characterized by still less dismemberment: along the
investigated traverse the minimum and maximum altitudes of the relief are
+50 and +300 meters respectively.

Let us proceed with a comparison of the lateral nonuniformities on different
levels of the section, using the data on the elastic wdve propagation rates
along the reference refracting boundaries ¢, I and M, the average depths of
occurrence of which are 3.7 and 38 km. The corresponding boundary velocities
(vp) carry information about the properties of the rock making up the upper

‘ part of the consolidated crust and the upper mantle., The initial informa-
tion is sufficiently representative: in Western Siberia on the profiles
about 6000 km long, several hundreds of single determinations of the boundary
velocity were obtained which are close with respect to accuracy.

As the measure of lateral nonuniformity of the medium by the values of
Vboundary let us take the mean square deviations (Uvboundary) of the velocity

from the mean value of it for each boundary. The values of UVboundary for

the ¢, I and M boundaries are equal to 0.32, 0.13 and 0.12 km/sec respectively.
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Figure 76. Histograms of the boundary velocity at the 2,

1 and M boundaries.
The data for the ¢ boundary: a —- initial values, d -- average
values on a 100 km base, £ ~~ the same with reduction to the
thermodynamic conditions near the surface of the mantle. The

data for the I boundary: b ~- initial values, e —-- average
values on a 100 km base, ¢ ~ initial values for the M boundary.
“Key:t
1. km/sec

The corresponding histograms are presented in Fig 76, a, b, c. These values
are determined not only by the actual nonuniformity of the medium, but also
different detail®of the study c¢? the different boundaries inasmuch as,
as has already been noted, for .ne used method of seismlc operations the
boundary velocity on the M surfuce will be about 100 km long for its sections,
and the averaging interval of the properties of the boundary ¢ approximately
10 times less. In order to obtain comparable characteristics, the initial
data on Vpoypdary along the ¢ and I boundaries were correspondingly average
on a 100 km base (Fig 76, d, e). Here, of course, information on the non-
uniformities with dimensions of less than 100 km is lost. After this opera-
tion the values of oy for the ¢, I and M boundaries have become
boundary

equal to 0.27, 0,10 and 0.12 km/sec, respectively.

Consequently, the most nonuniform with respect to elastic properties is the
series of rock occurring directly under the ¢ boundary, With an increase in
depth, the degree of nonuniformity quickly decreases: on the level of the

I boundary, it becomes 2 to 3 times less., The nonuniformities of the upper
part of the mantle itself is almost the -same as for the rock in the consoli-
dated crust near the I boundary, that is, at depths of 7-10 km, The latter
conclusion is in contradiction to the widespread concept of significantly
greater homogeneity of the mantle by comparison with the consolidated crust.
The possible cause of this contradiction is failure of the preceding
researchers to consider the differences in detall of the seismic and other
geophysical information obtained on the crustal and mantle boundaries.

It is also necessary to remember that the data that we obtained pertain only
to large inhomogeneities with horizontal dimensions of more than 100 km.
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Let us try to go from the above-investigated inhomogeneities in the velocity
distribution of ‘the elastlc waves to the approximate estimates of the
inhomogenelty of composition of the rock at different depths. For this
purpose it is necessary to consider the influence of the thermodynamic
conditions which differ significantly at the investigated levels of the
section on the elastic wave velocity. Using the relations known by labora-
tory experimental data [84] for the velocity as a function of the pressure
; and temperature, let us reduce the values of Vpoundary at the ¢ and I
boundaries to the M boundary conditicns, taking a pressure of 9000 kg/cm2
and a temperature of 500°C for it. The velocity distribution obtained at
the ¢ boundary (see Fig 76, f) varies significantly, and for the I boundary
it remains in practice unchanged, After this reduction the values of
OVpoundary Can be consldered as the approximate indirect characteristics
of the nonuniformity of the rock position on the corresponding levels of the
section. Tor the ¢, I and M boundaries these values were found to be
sufficiently close: 0.18, 0.10 and 0.12 km/sec, respectively.
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Figure 77. Depths to the Mohorovicic discontinuity (a) and
thickness of the consolidated crust (b) as a function of depth
to the surface of the basement in Western Siberia.

Let us consider the relations of the geometric parameters for the regionally
propagated boundaries ¢ and M. The correlation boundaries (see Fig 77)
for the depths of occurrence of these boundaries, the thicknesses of the
sedimentary layer and the thickness of the comsolidated crust (the layer
- between the 9 and M boundaries) each were constructed by 85 pairs of values
taken every 50 km in the seismic profiles within the limits of the entire
investigated territory. The average values are indicated in the figure for
the kilometer intervals of the vertical axis. The segments of the horizomtal
straight lines correspond to the mean square deviations (v) from these mean
values. The investigated values are related by the inverse correlations.
The submersion of the basement surface from 0 to 4 km is accompanied by a
rise of the Mohorovicic discontinuity from 43 to 36 km, A decrease in thick-
ness of the consolidated crust from 43 to 32 km corresponds to an increase
- in the thickness of the sedimentary mantle to &4 km. Consequently, the
glant depression of the Western Siberian lowland exhibited in the upper layers
of the section corresponds to just as broad an uplift of the surface of the
earth's mantle with approximately twice the amplitude and with a reduction
in thickness of the consolidated crust by more than 10 km,

The presented correlations are characterized by great dispersions; conse-
quently, in addition to the above~noted laws characteristic of the Western
Siberian platform and its framing as a whole, there are significant non-
uniformities of the deep structure within the boundaries of the large structures.

196
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICTAL USE ONLY

Relations for the Internmal Part of the Westeru Siberian Platform. In order
to attenuate the effect of the above-investigated regional rclations
connected with variation and thickness of the sedimentary mantle, let us
1imit ourselves to the data of the areas with relatively sustained (in the
range of 2-4 km) depths to the ¢ surface. TFor this purpose let us select
the corresponding sections on the south end of the Irtysh traverse and on
the Khanty-Mansiysk-Kolpashevo-Tomsk traverse. The reference points of the
depths will be selected every 50 km.

The correlation graphsfor the depths of occurrence for the T, IT and M
boundaries are presented in Fig 78. It is demonstrated that the depths to
the ¢ boundary differ little at all points. Between the depths hy and hy
and also hyp and h there are quite close mutual correlations (see Fig 78, b,
¢). The correlation coefficients (r) are equal to -0.84 and -0.79
respectively; the mean square devi: ' _om (0) from the regression lines are
+1.1 and +1.8 km. The increase in depths hy corresponds to a decrease in
the value of hi and hyp, that is, the inversion relation is established for
the forms of the surfice relief of the mantle with the higher-lying boundaries
inside the consolidated crust. The d¢ 'ths of the boundaries I and II

(Fig 7, d) are related by a direct correlation (r=+0.79, o=tl.9 km), that

is, these surfaces occur in general matched.
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Figure 78. Correlation graphs of the depths of occurrence of
- the seismic boundaries (inside of the Western
Siberian platform)
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Let us consider the correlations of the thicknesses (H) of the layers

¢-1, I-IT and II-¥ as a function of the *otal thickness of the earth's

crust (Fig 79). The thickness of the upper layer (9~I) varies discontinuously
from 0 to 2~4.5 km. The zero values correspond to the complete wedging out

of the investigated layer and they are coordinated with the sections with
thickened crust (39-44 km), The secoud group of values is characteristic

for the crust 34-38 km thick.

The thickness of the second layer (I-II) has a weak tendancy (r=-0.49)

_ toward some decrease with an increase in thickness of the crust (see Fig 79,b).
The mean square deviations from the mean value (~15 km) is +2 km, that is,
the thickness of the layer is relatively sustained.

A very close relation is established between the thickness of the lower layer
(II-M) itself and the total thickness of the crust (r=0.94, o=+1.8 km).

The thickening and thinning of the entire earth's crust in its lower layer
coincides (see Fig 79, c). As a result of the inversion relation of the
relief of the IT and M surfacea, the thickness of the layer bounded by them

is most invariant. The total scale of its oscillations is approximately

2 times more than for the entire thickness of the earth's crust and it exceeds
by 3 to 4 times the variations for any other layer.

Thus, in the internal part of the Western Siberian platform with relatively

sustained thickness of the sedimentary mantle there are inverse (inversion)

relations of the depths of occurrence of the surface of the mantle with the

higher-lying boundaries of the consolidated crust. The most inconstant is

the thickness of the lower layer of the earth's crust, and its thickness

- varies in general in accordance with the variation in thickness of the entire
crust, but with approximately twice the amplitude.

H,
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Figure 79.. Correlation graphs for thicknesses of the layers of
the earth's crust (the inside part of the Vestern
Siberian platform)
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The relations for the lateral zone of the Western Siberian platform, that is,
for the sections of tramsition to the mountain frame, are important in
connection with the discovery of the causes of formaticn of an enormous
depression in the territory of the Western Siberian lowland,

It was demonstrated above that on making the transition from the exposed areas
to the inside sections of the platform, a reduction in thickness of the

entire earth's crust takes place, especially its consolidated series. Let us
consider what changes occur inside the crust in this case.

The variation in thickness of the layers of the earth's crust in the section
of articulation with the exposed Tom'~Kolyvanskaya foldel zone in the vicinity
of Tomsk consists in the following (see Fig 71). For submersion of the

¢ boundary from the level of the day surface to a depth of 3 km, the thick-
ness of the upper layer of the consolidated crust boundel by the ¢ and II
surfaces (the I boundary was not es.ablished in the investigated section),
remains, in practice, invariant, for the ¢ and IT boundaries occur matched.
The thicKness of the lower layer (II-M) decreases regularly from the exposed
part to the inside zone of the platform. The reduction in thickness of this
layer is about 6 km and within the 1i its of accuracy of the initial data
coincide with the decrease in thickness of the comsolidated crust (the

-M layer). Consequently, the variation in thickness of the consolidated
crust takes place wholly as a result of its lower section. The buildup of
the layer of the platform sediments to 3 km only half compensates for this
effect; therefore the total thickness of the earth's crust decreases in the
direction of the internal zone of the platform.

The variations of the deep structure close to the ones discussed above are
also visible in the schematized section through the Sverdlovsk intersection
(see Fig 67). The eastern submersion of the surface of the exposed folded
rock in the Urals is accompanied by a reduction in thickness of the earth's
crust basically as a result of its lower layer. On the profiles to the south
of Barabinsk (see Fig 68) and in section adjacent to Northern Kazakhstan

(see Fig 70), the thickness of the crust is also reduced in the direction of
the submerged part of the platform; the upper layers occur almost matched,
with an increase in depth, inversion of the structural forms takes place.

The discussed characteristics of the relation of the seismic boundaries at
different depths make it possible to propose the probable cause of formation
of the broad Mesozoic~Cenozoic depression made by sedimentary rock in the
territory of the Western Siberian platform, The Mohorovicic discontinuity
and series of deep boundaries inside the earth's crust, in the opinion of
the majority of researchers [14, 125, and so on], are secondary and super-
posed. During the course of geological development, the displacement of
these boundaries to other hypsometric levels and the variation of their
shapes are possible, The cause can be reconstruction of the lower part of
the earth's crust in the territory of the modern depression. The Mohorovicic
discontinuity and the boundaries of the lower part of the crust were
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shifted to higher levels. As a result, the rock density increased in the

' transformed part of the section, and the isostatic equilibrium of the broad
territory was disturbed. This led to gradual downwarping of the earth's crust
over an enormous area accompanied by filling of the depression formed by sed-
iment.

The inversion relation existing at the present time for the relief of the

upper and lower boundaries of the crust can be explained by the fact that the
amplitude of the denression was less by comparison with the initial displace-
ment of the lower horizons upward along the section. For this reason, the
thickness of the earth's crust remained diminished. The total magnitude of

the ascending displacement of the Mohorovicic discontinuity can be approximately
determined by the difference in thicknesses of the consolidated crust within
the limits of the Jestern Siberian platform and in its mountain framing

regions which is on the average equal to 10 km.

The basic results of analyzing the structural peculiarities and the properties
of the consolidated earth's crust in Western Siberia at different denths
consisted in the following.

1. The variabilify of the depths of occurrence of the seismic boundaries and
the thicknesses of the layers cf the earth's crust, as & rule, increases,
with depth. The nonuniformity of the natural distribution of the elastic
wave velocities decreases sharply with an increase in depth only in the very
upper part of the section (between the ¢ and I boundaries). The deeper zomes
of the earth's crust, if limited to the investipation of nonuniformities
with horizontal dimensions of more than 100 km obviously do not differ
significantly from the upper part of the mantle with resnect to degree of
homogeneity of the elastic properties,

9. The common relation for the entire territory is the inverse relation
between depths to the basement surface and the Mohorovicic diseontinuity.

The broad depression of the Western Siberian platform which in the investigated
area over the basement surface has amplitude of about 4 km, corresponds to
uplift of the surface of the mantle with almost double amplitude and reduction
of the thickness of the consolidated crust on the average by 10 km with respect
to the folded framing regions. In the majority of cases, the inversion rela-
tion of the relief of the mantle surface and the higher-lying boundaries in
the consolidated crust is noted.

3. The thickness of the lower (‘'basaltic") layer is most inconstant and
varies in accordance with the thickness of the entire earth's crust, However,
the thicknesses of the layers of the upper (‘'granite" and "sedimentary'") part
of the section frequently vary correspondingly, and thelr total thickness
fluctuates by up to 10 km,

4. On the basis of the peculiarities of the variation of the deep structure
on making the transition from the mountain frame to the Western Siberian
platform it appears probable that the cause of downwarping of the platform
territory during the Mesozoic and Cenozolc Ages was reconstruction of the
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lower part of the earth's crust as a result of the ascending displacement

of the Mohorovicic discontinuity with conversion of part of the crustal rock
to mantle material., The disturbance of the isostatic equilibrium that
occurred led to the formation of a broad, long-lived sedimentary basin over
the area of the modern Yestern Siberian lowland.

Block Structure of the Earth's Crust in Uestern Siberia

Isolation of Blocks and Fractures. The following peculiarities lead to the
concept of the block structure of the earth's crust. Over the extended (100 km
or more) sections of the profiles the depths of occurrence of the seismic
boundaries, the thickness of the earth's crust, and its dismemberment
vertically, the thicknesses of the individual layers and the elastic wave
velocities vary little. In the narrow zones of articulatiomof such sections
throughout the entire series of cons 'idated crust, all or the majority of

the mentioned parameters vary sharply. Frequentlr these zomes are the tracing
boundaries of certain seismic surfaces. The amplitudes of the sharp variations
in relief of the seismic boundaries (in the form of flerures or with dis-
continuities) usually are 3-7 km. The thicknesses of the layers can vary
still more. The discontinuities of the boundary velocity and the basement
surfaced reached 0.5-1 km/sec. In some cases the average and stratal veloci-
ties vary noticeably.

The sections with sustained deep structure are considered as blocks of the
earth's crust. In the articulation zones of the blocks, in all probability,
large abyssal fractures have bee' developed, many of which penetrate the
entire thickness of the crust a.. possibly the tops of the earth's mantle.
The majority of abyssal fractures appeared in the gravitational and magnetic
fields in the form of extended zones of intense positive magnetic anomalies,
gravitational "steps" and a change in structure of the anomalous fields.
This permits more certain isolation of the zones of the probable abyssal
fractures and tracing of them to significant distances from the seismic
traverses.

Dy the set of indicated attributes for a significant part of the Western
Siberian platform and certain regions of its folded frame, a diagram of the
blocks of the earth's crust was drawn (see Fig 74), where the large blocks
which appear throughout the entire thickness of the earth's crust and are
delimited by fractures reaching the tops of the mantle are isolated. At a
number of points, the finer blocking is reflected which was discovered only

in the upper part of the consolidated crust, The intersecting zomes of

abyssal fractures in the northwesterly and northeasterly directions predominate,
and fractures are noted with almost meridional and latitudinal strikes.

As a result, an important characteristic of the structure of the earth's

crust has been traced: the presence of a mosalc system of large angular

blocks with horizontal dimensions of 100 km or more. Let us briefly character-
ize the individual blocks.
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The Altaye-Sayan folded region has been studied by the seismic method in
sections of the Tom'-Kolyvanskaya zone, Salair, the Kuznetsk trough and
partially in Gornaya Shoriya. The earth's crust in the Tom'~Kolyvanskaya
folded zone which corresponds to the individualized blocl: I was up to
45-46 km thicker and exceeds the adjacent blocks by 5 to 7 km with respect
to thickness. The reflecting boundary II inside the earth's crust lies

at a depth of about 22 km, that is, 4 km deeper than in ~he adjacent part
of the 'Jestern Siberian nlatform.

The higher-lying part of the section does not contain clear elongated
boundaries and can in the first approximation be considered as the gradient
medium with velocity buildup from 5.5 km/sec near the dayv surface to 6 km/sec
at depths of 3-5 km.

Block 2 corresponds to the exposed part of the Salair anticlinorium and the
adjacent section of the Western Siberian platform. The hlock is bounded by
abyssal fractures 20 km east of Barnaul and at the boundary with the Kuznetsk
trough. The inversion relation of the M and II seismic boundaries is
characteristic: the foot of the crust is downwarmed to depths of about 40 km,
and the II boundary is uplifted. The uppermost part of the section is made
up of rock with high elastic wave velocity (6.0-6.3 km/sec).

Block 3 coincides with the territory of the Kuznetsk trough. The thickness
of the earth's crust is 38-41 km, that is, 5-19 km less than in the adjacent
mountain regions, the articulation with which takes place with respect to the
abyssal fracture zones. The refracting boundary I in the upper part of the
crust is characterized by variable values of the boundary velocity (56.1-6.5
km/sec) and depths of occurrence (7-10 lm) in all probability corresponding
to the surface of the intensely metamorphosed folded base of the trough.

The structure of the sedimentary series above the I boundary is characterized
by the stratal velocity isolines according to the refracted wave data.

The Yenisey ridge and the western edge of the Siberian platform are inter-
sected by the seismic profile with respect to the latitudinal course of the
Angara River. The Yenisey ridge (block 4) borders with the Vlestern Siberian
platform along the abyssal fracture. On making the transition to the ridge,
the thickness of the crust increases from 41 to 47 lm, and the seismic surfaces
I and II cease to be traced. The propagation rate of the elastic waves in

the upper part of the crust of the Yenisey ridge increased (6 km/sec). The
mean velocity in the entire thickness of the crust in the meridional direction
is' approximately 0.2 km/sec more than in the latitudinal direction, which
together with the absence of the sustained boundaries inside the crust probably
indicates the latitudinal developrent in it of submeridional disjunctives
propagated to the depth.

On making the transition to the western edge of the Siberian platform the
thickness of the earth's crust decreases smoothly to 38-41 km, and at depths
of 8-15 km the reflecting boundary was established which can correspond to
the surface of the Archean base of the platform.
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- The Western Siberian platform is also broken down into a series of large
blocks with different deep structure of the earth's crust.

The extreme eastern block 5 is located between the Yenisey ridge and a con-
tinuation of the Kuznetsk-Altay zone of abyssal fractures, The thickness of
the crust is increased (to 44~45 km) by comparison with the adjacent sections
of the platform. At depths of 20-22 km, the reflecting boundary II is

traced. The higher refracting surface I has a sharply dismembered, obviously,
block relief (4-11 km) and variable values of the boundary velocity (6.2-6.6
km/sec). Obviously this boundary corresponds to the surface of the day
crystal basement. The layer between the I and ¢ boundaries probably is
moderately dislocated, weakly metamorphosed sedimentary rock from the
Paleozoic discovered in the given region by deep wells under the Meso-Cenozoic
platform mantle. The inside structure of the eastern block is nonuniform.

In the section of the Kaska basin ‘* . I boundary is downwarped by 3-4 km,

and the Mohorovicic discontinuity is uplifted to 41 km. In the same section
reduction of the values of the boundary velocity is noted at the I surface
and the mean velocity to the II boundary.

Block 6 in the east is bounded by the Kuznetsk-Altay fracture zone, in the

- west, by the fracture in the vicinity of the mouth of the Tym River, and in
the southeast it is articulated with the exposed Tom'-Volyvanskaya zone.
The southwestern continuation of the block has not been investigated. The
thickness of the earth's crust is 37-38 km. The II boundary occurs in the
depth range of 20-22 km. The refracting surface I in the basement has been
established only in two limite sections, being the bottom of the basins
with downwarp amplitude of 3-/ km and no more than 100 km across made up of
relatively weakly metamorphosed rock. Over the remaining territory of the
block the upper part of the basement is a gradient medium, just as within the
limits of the Tom'-Kolyvanskaya folded zone.

Blocks 7 and 8 which are sharply detected by the structural peculiarities
have been established correspondingly on the Ob' (the section between the
villages of Aleksandrovskoye and Ust'-Tym) and the Irtysh (the vicinity of
Cherlak) traverses. There is much in common in the deep structure of these
blocks: rock with high (6.1-6.4 km/sec) elastic wave velocity goes to the
surface of the basement, the earth's crust has a thickness of more than 40 km
and is thickened by 4-8 km with respect to the adjacent sections. The
inversion of the structural forms is clearly exhibited: downwarps with respect
to the M boundary correspond to uplifts of the II and I surfaces. The
western boundary of both blocks is the Omsk fracture zone intersecting the

- entire Western Siberian lowland. With respect to magnetic field peculiarities,

. the block 7 is traced to the north to the Arctic Ocean, and block 8, to the
reglon of exposed structures in Northern Kazakhstan where it is the uplifted
part of the Caledonian structures, Possibly the investigated blocks form a
single buried structure extending several thousands of kilometers 100--200 km
across, which cuts through the basic mosaic system of angular blocks. At
approximately the latitude of Omsk, this structure is disturbed by the
transverse fractures of northwesterly strike; the complex structure of the

203

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

- FOR OFFICIAL USE ONLY

earth's crust was discovered here which differs from that described
above.

Blocks 9, 10 and 11 were studied along the latitudinal course of the ob'

_ River. The thickness of the crust varies little (36-37 km)., The II boundary
rises successively from block to block from 25-26 km in the west to 21 km in
the east. The refracting boundary I with sustained depths of occurrence
(6-8 km) and a boundary velocity of 6.2-6.4 km/sec has been established in
all the blocks. The velocity at the surface of the basement is somewhat
lowered, and it varies little (5.2-5.6 km/sec).

Block 12 1s bounded on the south by the sublatitudinal fracture in the
vicinity of Tobol'sk, and it :is traced to the morth to Khanty-Mansiysk. On
making the transition through the southern fracture, the structure of the
upper part of the consolidated crust (see Fig 74) and the nature of the

- recordings of the elastic waves from the M boundary vary. The thickness of
the crust of the block is equal to 35-36 km. The reflecting boundary II is
noted only in its northern half at depths of 22-23 km. The upper part of the
consolidated crust is nonuniform: the boundary velocity on the basement
surface varies from 5 to 6 km/sec, and the depths of occurrence at the

- refracting boundary in the body of the basement are sharply variable
(4-10 km), Significant differences in the structure of the upper part of
the consolidated crust do not permit joining of this block with the block
adjacent to it to the east of Khanty-Mansiysk.

Block 13 was established in the central part of the Irtysh traverse; in the
southeast it is adjacent to the Omsk fracture zone and is divided into the
eastern and western parts bounded by the fracture which appeared only in the
upper part of the crust. In the east, the velocities at the basement surface
are reduced (5.4 km/sec), and at depths of 5-8 km the refracted boundary I
occurs. In the west the I boundary does not exist, the velocity at the
basement surface is high — 6.0 to 6.1 km/sec. The seismic boundary I in the
eastern section obviously corresponds to the bottom of the large (with an
amplitude of up to 5 km) downwarp in the basement filled with relatively
weakly metamorphosed sedimentary rock. The mantle surface is submerged by
35-38 km. The velocity buildup with a depth in the rock of the mantle
obviously takes place appreciably more slowly than in other sectioms.

In the vicinity of Omsk, block 14 has minimum thickness of the earth's crust
—- 32 to 34 km —- for the entire investigated territory. The upper part of
the basement is made up of rock with low elastic wave velocity (5.1 to

- 5.4 km/sec). Inside the crust two boundaries have been established:
reflecting at a depth of 27 km and refracting at the 6-7 km level.

The peculia¥ities of the velocity distribution connected with the block
structure of the earth's crust, in addition to the nrocedural significance,
are important as valuable information about the properties of the deep
structures within the limits of the inhomogeneous blocks.
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Initially we shall consider the resultant data on the mean velocity obtained
by the corresponding recalculation [115] of the effective velocities
determined by the reflected and refracted waves. Fig 30 shows. the mean
velocity as a function of depth v(h) for standard blocks. The graphs per-
tain only to the consolidated crust. The origin of the coordinates for the
depths 1s matched with the ¢ boundary which in the exposed regions coin-
cides with the day surface

By the functions v(h) the blocks with different structure of the tops of

the consolidated crust are most sharply distinguished. The blocks for which
the high-velocity (6.0-6.4 km/sec) rock reaches the ¢ boundary are
characterized by the largest values of the mean velocity and the minimum
values of its vertical gradient (see Fig 80, 1). In the mountain frame,
they include the section of the Salair ridge, within the limits of the
Western Siberian platform, blocks 7 8 and others denoted by the dotted line
in the diagram (see Fig 74).
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Figure 80. Characteristic graphs of the average velocity in
the consolidated crust as a function of depth:
1 -- in block 7 (the Western Siberian platform); 2 -- in the
blocks of the Western Siberian platform containing a series of
low-speed rock under the & boundary; 3 -~ within the limits of
the Kuznetsk trough,
Key: _
1. v, km/sec

The blocks which are widespread in the territory of the platform with a
layer of relatively low-speed (5,0-5,7 km/sec) rock bounded by the ¢ and I
surfaces are characterized by lower values of the mean velocity at all
depths and higher vertical velocity gradient (Fig 80, 2), The noted
peculiarities of the function v(h) are still more sharply manifested for the
block corresponding to the Kuzmetsk trough (Fig 80, 3). Here the upper
layer has a very great thickness (about 10 km), and the velocities are still
lower. The latter obviously is basically caused by the absence of the
compression effect within the limits of the platform as a result of the
thick platform mantle.
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The separation of the consolidated crust into the "granite" and "pasaltic"
part is widespread. This provisional provision by the geophysical data

B permits approximate determination of the large differences in the petro-

- graphic composition of the crust in different sectlons inasmuch as the
rock of basic (basaltic layer) and acid (granite layer) composition is
characterized hy different velocities and densities. The traditional
separation of the indicated layers by the deep seismic sounding data
reduces to the fact that one of the intracrustal seismic boundaries is taken
as the so-called Conrad surface separating these layers. This choice
usually is provisional: for detailed seismic studies several discontinuities
which are similar with respect to their properties have been often estab-
lished, and the stratal velocities in the isolated layers do not remain
constant. All this leads to significant difficulties and ambiguity in the
comparison of the various blocks with respect to thicknesses of the granite
and basaltic layers with traditional isolation of them.

Below, another approach is used to the separation of the consolidated crust
into two provisional layers. In the lower (basaltic) layer the velocity is
assumed to be constant and equal to 6.8 km/sec. The higher-lying part of the
crust to the ¢ boundary is joined to the upper ("granite") layer. The
velocities in it are taken equal to 6.4 km/sec below the I boundary, and in
the interval between the ¢ and I boundaries, in accordance with the actual
data for the investigated section of the profile. Knowing the thickness of
the entire consolidated crust and the mean velocity in it, it is possible to
calculate the value of the ratio of the powers (q) of the upper and lower
layers. The absolute value of q depends on the selection of the velocity in
Z the lower layer, and therefore it is provisional. However, when comparing
these values for different blocks, it is possible to determine the difference
of the latter with respect to their "granite" and "basaltic" parts. The
- values of q for large blocks in Western Siberia were described in the diagram
(see Fig 81).

Significant differences of the blocks connected with the deep structure with
respect to magnitudé of the thickness ratio of the granite and basaltic
layers which varies from 1.1 to 3.3 have been established, The low values
(2.0-2.6) are characteristic for a large group of blocks (the first group)
with a layer of relatively lowsvelocity rock under the ¢ boundary, The min-
imum value of q=1.1 is characteristic of the Kuznetsk trough where this layer
has maximum thickness. For the blocks of this group, decreased thickness

of the crust by comparison with the adjacent sections is also characteristic.

The high values of q=3,0-3,3 were obtained for the second group of blocks
with high (6.1-6,4 lm/sec) velocity on the ¢ surface. For the majority of
such blocks, the total thickness of the earth's crust is relatively
increased (Salair and Yenisey ridges, blocks 7 and 8 in the Western Siberian
platform), The noted peculiarities are explained by the characteristic
sections through the different type blocks (Fig 82): in the blocks of the
first group the provisional "basaltic" layer is thicker, and its surface

has a grown-over form with respect to the intracrustal boundaries,
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Figure 81. Diagram of the thickness ratio of the granite

and basaltic layers
1 -~ deep seismic sounding profile; 2 -- crustal-mantle
fractures (a) and fractures in the tops of the basement (b);
3 -- abyssal fractures with respect to geological data;
4 -- ratios of the thicknesses of the "granite" and "basaltic"
layer; 5 ~~ numbers ° the block; 6 —- sections with high
velocity on the bas. . at surface; 7 -- boundary of the folded
frame of the Westernm Siberian platform.

Key:
1. Khanty-Mansiysk 7. Barabinsk
2. Aleksandrovskoye 8. Novosibirsk
3. Yeniseysk 9. Tomsk
4. Tobol'sk
5. Kolpashevo
6. Ishim

‘Let us try to give the »agsible geological interpretstion of the nresented

data. The blocks of the first group with an increase in the "basaltic"
layer and higher position of the M boundary experienced relative subsidence
in the premesozoic time, which was recorded by the formation of a layer
between the ¢ and I boundaries, and in the Kuznetsk trough, its sedimentary
execution. ‘The second group of blocks characterized by thinmer "basaltic"
layer and deeper M boundary, were uplifted at the same time, as a result

of which the deep rock with high elastic velocity reached the ¢ surface,
and in the exposed regions, the day surface, The possible cause of vertical
movements of the blocks leading to significant changes in the upper part of
the consolidated crust could be the nonuniform conversion of the lower part
of it to the mantle material, disturbing the equilibrium of adjacent blocks.
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In the blocks of the first group this transformation was manifested more
strongly; the Mohorovicic discontinuity turned out to be appreciably uplifted,
and the higher-lying rock of the earth's crust increased in weight. The
latter is recorded by increased thickness of the ''basaltic" layer, the thick-
ness of which in this interpretation is considered as an index of the degree
of conversion of the lower part of the crust itself.

The estimation of the isostatic equilibrium of the blocks of the earth's crust
is of interest for determination of the tectonic activity of the individual
regions of the investigated territory. ‘It is known [5, 7, and so on], that
the disturbance of the isostatic equilibrium can be considered as an indica-
tion of the modern activity of the given section of the earth's crust.
Usually the study of isostasy is made by the gravimetric data; there are
examples of using tiie results of deep seismic sovndings for this purpose

[21, 121, 134]. DBelow, the second of the mentioned approaches is used which
permits calculation of the pressure on the selected level for each block.

The use of the seismic data permits not only estimation of the differences in
pressure, but also discovery of the peculiarities of the deep structure which
lead to one isostatic effect or another.

Using the seismic data on the structure of the earth's crust and the known
[5] relation of the rock density to the elastic wave velocity, the pressures
(p) at a depth of 50 km were calculated. The calculations were performed by
the formula

P=§P:Hu

where p; and H; are the densities and thicknesses of the layers respectively
averaged for the given block. The mean values of the density in the layers
are presented in Fig 75. On variation of the velocities in the medium, the
corresponding corrections were introduced to the demsities.

The pressures obtained are applied in the schematic of the blocks (see Fig 74).
The probable error in the pressure is estimated at 0.02-0.04 kbars.

The pressure averaged for the entire investigated territory of Western

Siberia at a depth of 50 km is 14.54 kbars, which is close to the corresponding
values obtained by Yu. G, Yurov [134] for the Caucasus (p=14.6 kbars) and

A. G. Gaynanov and S, A, Ushakov [21] for the transition zome from the Asian
continent to the Pacific Ocean (p=14.4 kbars).

On thé whole the Western Siberian platform is characterized by somewhat
increased values of the pressure (14.54 kbars) by comparison with the folded
framing regions (the Yenisey ridge, 14,24 kbars, the Tom'~Kolyvanskaya zone,

14.37 kbars). The excess pressure in the vicinity of the territory is
approximately 0.2-0,3 kbars,

208

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

A (l)a y(z—)r
0 @ ﬂexmnlpaecxoe @ cmc; biM @
,
@
T ——
1 ST 626 46,2
% :
2041 X - ‘é

‘o?. QO
y %0 RIS
404 - v e ."_v; a0 652 XL

. U= 8,0-8,1
(3)PARABHO~CHEHPCKAS CATAHPCKHI KPSX KYSHEYKWA  7POrHE
N NJHTA ( 4 ) . . ( 5 )
(6) Bagprayn ® @ Yo “Haperx ¢

@ ~.
T s 8
r=o,v-%, —*
10 ) \ I

1 BB 2 (1M [peiemd 4 F=572)5 F—g16 [ @ ]

Figure 82. Characteristic seismic sections with provisional
"basaltic" layer (crosshatched),

1 - boundary velocity, km/sec; 2 —~ abyssal fracture zone;
3 -~ seismic boundaryj 4 =~ thickness of the "basaltic" layer;
5 -~ mean velocity, km/sec; 6 -- velocity isolines; 7 -~ numbers
of the blocks of the earth's crust.
Key:

1. Aleksandrovskoye 6, Barnaul

2. Ust'-Tym 7. Ust'-Naryk

3. Western Siberian platform

4, Salair ridge '

5. Kuznetsk trough
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Within the limits of the platform itself the pressure at the selected level
is appreciably more sustained; it does not go out of the range of 14,47 to
14.62 kbars. The difference in values for adjacent blocks exceeds 0.1 kbars
rarely, Let us present comparative data with respect to the tectonically
active region of transition from the Asian continent to the Pacific Ocean
[21]. Here the deviations from the average pressure are 0.3-0.4 kbars, and
they reach 0.9 kbars for the Kurilo-Kamchatka Arc and the adjacent deep-water
trench. The corresponding deviations for the Western Siberian platform

are almost 10 times less. Consequently, it is possible to consider that the
blocks of the earth's crust of the Western Siberian platform are in a condi-
tion very close to the isostatic equilibrium. The level of pressure compensa-
tion is located immediately under the mantle surface; therefore the isostasy
of the blocks is caused by the peculiarities of the mass distribution inside
the earth's crust. Some nonequilibrium is noted in the boundaries with the
regions of folded framing of the Western Siberian platform. Let us formulate
the basic conclusions pertaining to the block structure of the earth's crust
in the territory of Western Siberia.

1. The earth's crust in the Western Siberian platform and adjacent exposed
regions has a mosaic-block structure. Within the limits of each block the
thickness of the crust, its lavering, the depths of occurrence of the seismic
boundaries, the thickness of the layers and the elastic wave velocities are
relatively sustained. The blocks have horizontal dimensions from 100 to 200 km
to many hundreds of kilometers, and they are bounded by fracture zones reach-
ing the tops of the mantle. The boundaries of the blocks in the majority of
cases have appeared in the magnetic and gravitational field anomalies, which
has made it possible to interpolate the data to large distances from the
seismic profiles and to obtain a concept of the spatial structure of the

- earth's crust in a significant area. In the exposed sections the seismic
blocks and fracture zones are a deep continuation of the geological structures
known near the surface.

2. The ratio of the thicknesses of the provisionally isolated "granite" and
"pasaltic" layers is in regular relation to the block structure of the
region. The "basaltic" layer is thickened in the blocks with a thick layer
of low-velocity rock in the upper part of the basement and with relatively
reduced thickness of the crust. A possible cause of the differentiated
vertical movements of the blocks in the premesozoic time essentially changing
the structure of the upper part of the basement was nonuniform conversion

of the bottom of the crust to mantle material,

3. In spite of the significant nonuniformities in the deep structure, the
investigated territory of Western Siberia is in a condition which is close
to isostatic equilibrium -- the pressure fluctuations at the compensation
level (~50 km) are appreciably lower here than in the tectonically active

- regions. The blocks of the earthts crust within the boundaries of the
Western Siberian platform are the closest to equilibrium, Some nonequilibrium
of the platform territory with respect to.sections of its folded frame is
noted.
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4. The discovered peculiarities of the block structure of the consolidated
crust constitute the basis for more reliable tectonic regionalization of

the basement of the Western Siberian platform with respect to the entire set
of geological-geophysical data, which, in addition to independent prospecting
significance, in accordance with the principle of inheritance of geological
development, is important for discovery of the laws of the tectonics of the
platform mantle and the regional variations of the lithologic-facies
composition of the components of its sedimentary complexes containing oil

and gas deposits.

" §2. Studies of the Basement of the Western Siberian Platform

Information about the structure of the basement is needed for reliable tectonic
regionalization, on which the scientifically substantiated prospective planning
of the prospecting for various minernls 1s based to a significant degree.
Accordingly, it is necessary to note two basic aspects of the study of the
basement. -

First, in the near future the requirel increase in oil and gas reserves will
be realized not by prospecting produc ive complexes of rock in the platform
mantle, but, possibly, as a result of discovering new oil and gas-bearing
formations in the more ancient deposits. For the southern part of the
Western Siberian platform, finding Paleozoic oil under the Meso-Cenozoic
platform mantle is already now urgent.

Secondly, the study of the baserent presupposes the use of the principle of
inheritance of the geological ¢ elopment of the platform mantle and the
basement. The inheritance is 1 'i¢ clearly manifested in the young platforms,
to which the Western Siberian platform belongs, where the discontinuity in
time between the formation of the mantle and the postgeosynclinal folding

of its base is relatively small. The regional differences in the structure
and the development of the basement in accordance with the principle of
inheritance can cause significant peculiarities of the tectonic conditions
and the conditions of sediment accumulation of the platform formations,
which are the reservoirs for the oil and gas; therefore the tectonic regional-
ization of the basement must be given special attention.

Until recently, this regionalization of the basement of the Western Siberian
platform remained to a great extent ambiguous, based primarily on the analysis
of the gravitational and magnetic anomalies with extrapolation of the layer
established in the mountain frame of the platform, to the internal closed
regions. The role of the most exact geophysical method —-- seismic prospecting
~- was relatively small. The tedious studies by the correlation refracted
wave method (KMPV) were basically limited to the local sections and did not
give an idea of the reglonal structure of the basement,

The regional studies of the surface of the basement by the sounding procedure
in the traverse version were actually carried out along all of the navigable
rivers of Western Siberia in the 1960's, The total extent of the investi-
gated traverses reaches 15,000 km, The Novosibirsk, Tomsk and Krasnoyarsk
Main Administrations, subdivisions of the Glavtyumen'geologii Administration,
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the IGiG Institute of the Siberian Department of the USSR Academy of Sciences,
and the ZapSibNIGNI Institute participated in the work. In recent years, :
area studies of the basement have been made in the southern parts of

Western Siberia in order to study not only the surface of the prejurassic

basement, but also its internal three~dimensional structure to a depth of

up to 10 km.

A discussion is presented below of the basic results of the work in the
Tyumen' Oblast and in the southern part of Western Siberia.

Studies in Tyumen' Oblast

In this larpest oil and gas-bearing region the spot soundings by the
refracted wave method (Chapter II, §4) were used to study the basement sur-
face by the regional traverses (the Glavtyumen'geologii crews made about
5,000 km of river traverses, the ZapSibNIGNI Institute investigated the
ground traverse along the Tura-Tobol-Irtysh Rivers); small and large-scale
area surveys were made of the basement surface.

Sounding systems of the B and E type were used (see Fig 23) with careful
introduction of corrections for the oscillation phase (considering the
characteristic features of the form of the wave recording), the depth of
submersion of the explosive charge, the low-velocity zone, the relief and
the displacement of the blast and observation points from a rectilinear
profile. All of this insured increased accuracy of determining the parameters
of the medium -- on comparison with the drilling data (see 51 of the given
chapter) the error in the depth to the basement surfacd was 2-2.5%. Along
with the depths and boundary velocities, values were determined for the

- vertical velocity gradient of the upper part of the basement, using the
method [78] based on investigation of the nonparallelness of the elements
of the overlapping hodographs.

In addition to the solution of the regional problems, the procedure for
soundings by refracted waves was tested to discover the possibility of its
application for finding and preliminary study of the local structures with
respect to the basement surface.

Traverse Regional Studies, For characterization of this type of operationm,
let us consider the results with respect to the standard Pecherakh-Froly
traverse (Fig 83), by the Konda selsmic crew 46/63 along the Konda and
Irtysh Rivers.

In the western part of the profile (60-140 km) the large anticlinal bend

is clearly fixed which corresponds to the intersection of the Shaimskiy
structural nose, The amplitude of the bend is 450500 meters with a width -

"

of 80 km; the angles of dip of the wings are about 404,
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Then, between 140 and 170 km of the profile, an anticlinal bend is noted
which corresponds to the Bol'she~Tapskiy swell. Its dimensions with respect
to the given intersection are about 30 km, and the amplitude is on the
order of 400 meters. The dip angle of the western wing of the Tapskiy
swell is about 1°, and the eastern wing, 1s significantly steeper, about
3°50'. With respect to value of the boundary velocities of 4.2-4.4 km/sec
in this profile interval, the basement is represented by the deposits of
the II structural stage., In the same section of the profile, an increased
vertical velocity gradient is observed., By the deep drilling data the
basement in this region is represented by deposits which are standard for
the II structural-tectonic stage and are claasifiable as the Turinskaya
series.

The Lugovskaya basin which is isolated in the 170-200 km section of the
profile has an extent on the order of 30 km with a magnitude of the downwarp
of about 300 meters. The dip anglc .f the eastern and western sides of the
basin are 2°12' and 3°50', respectively.

The Leushinskiy swell (200-260 km) previously isolated by the TIT survey data,
is depicted in the TZ MPV refracted vave section as an anticlinal bend with
a width of 55 km, an amplitude of 700 meters and dip angles of the wings of
2°10' and 1°10'.

East of the Leushinskiy swell, a monoclinal of submersion of the basement
surface to the center of the Mansiyskaya basin complicated by positive and
negative structures with horizontal dimensions of 20-30 km and amplitudes
of several hundreds of meters 7 : noted., In the eastern section of the
traverse, in view of the small volume of operatioms, only the order of the
depths to the refracting horizon which experiences a rise from a depth of
3350 to 3207 meters is obtained. The R~1 Frolovskaya well encountered
limestone, from the roofs of which the refracting horizon is identified.

When comparing the TZ MPV refracted wave data with the results of continuous
profiling by the reflected wave method by the river procedure, satisfactory
comparison of the results is observed on the whole. Some divergence of

these data is explained obviously by the incomplete matching of the MOV
[reflected wave method] and TZ MPV refracted wave profiles in plan view.

In general, by the data from the refracted wave method the regional and

local peculiarities of the relief of the basement surface are depicted more
sharply and in greater contrast than it is possible to determine by the

data of the reflected wave method which, given the depths to the reflecting
horizons in the sedimentary mantle, gives many peculiarities of the structure
of the section in clear form, The individual details of the basement

relief, even small in magnitude, find reflection in the above~lying reflecting
boundaries. For example, two anticlinal bends in the vicinity of the

430 km profile with small horizontal displacement are fixed to a depth of
2000 meters.
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The small-scale area regional operations with the goal of studying the
basement surface by the TZ MPV procedure were carried out during two field
seasons by crews 36/64 and 17/65 on the Khanty-Mansiyskiy geophysical trust

in the Khanty-Mansiyskiy, Surgutskiy, Konda, Uvatskiy and the Tobol'skiy
Rayons. The total survey area in two generalized sections contains 153,00 km?
with an average density -- one determination of the depth to the basement
surfaces per 2,200 km2, The operations were performed by air.

Let us present the basic geological-geophysical results with respect to the
most interesting area in petroleum-bearing respects located in the Surgutskiy
and the Khanty-Mansiyskiy Rayons. Here the aeromagnetic and gravimetric
surveys and the aviation seismic soundings by the reflected wave method
were performed, by the materials of which jointly with the results of the
detailed work using the reflected wave method and drilling, the structural
and tectonic diagrams of the Mesozoic-Cenozoic mantle were compiled. The
absence of data on the basement surface served as a basis for stating the
TZ MPV refracted wave operations, inasmuch as it was recognized that the
clearest representation of the tectonics of the Mesozoic mantle could be
obtained, having a map of the basement surface available.

A comparison of the results of the TZ MPV surveys with the previously
constructed structural-tectonic map of the basement surface compiled by the
surveys by the reflected wave method on a 1:1000000 scale and the gravi-
magnetic data indicates comparison of the majority of structural elements.
Here the surface relief of the basement according to the refracted wave data
appears in sharper form. The majority of positive structures (the Lyaminskiy
Atch, the Trom"yeganskiy, Chernorechenskiy and Vyngapurskiy dome uplifts)
correspond to intense positive gravitational fields, although other more
complex relations exist.

The map of the boundary velocities constructed on the 1:2 500 000 scale gives
defined information about the material composition of the underlying rock.

On the whole the boundary velocity field is divided into two sections. 1In

the western part of the area, an increased value of the boundary vélocity

is observed. The isoline of 6.3 km/sec outlines the most uplifted part of
Lyaminskiy arc. Within the limits of the Chernorechenskoye and -
Trom"yeganskoye uplifts the boundary velocity decreases to 4.9-5,1 km/sec.

The vertical velocity gradient (B) was determined by many of the soundings.

The nature of the field B is analogous in general features to the nature of

the boundary velocity field, In the vicinity of the Lyaminskiy arc, the

velocity gradient is minimal, and in the most uplifted part it is close to

zero. The maximum value of g8 (0.06-0,07 1/km) is noted on the arcs of the
Trom'yeganskiy and the Chernorechenskiy dome~type uplifts, In the depression
zones of the basement, the velocity gradient is somewhat less, on the ;
order of 0,03-0,04 1/km,
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The complex interrelation of the various geophysical fields to the values of

- the boundary velocity is discovered, In spite of the small volume of research
that has been performed, some laws are noted, In the onerations territory
it is possible to isolate two zones distinguished by the nature of the geo-
physical fields. The first zone corresponding to the Lyaminskiy arc and the
region adjacent to it is characterized by the sign-variable magnetic field,
the maximum value of Vboundary 2nd the minimumvalue of . Tt is possible to
propose that the foundation of this zone is complicated by monolithic rock,
probably, crystalline shales or silicified limestones and dolomites
characteristic of the late Baykal geosynclinal complex.

The second zone coincides with the most uplifted part of the Surgutskiy arc
and is characterized by the minimum values of the boundary velocities,
maximum B, quite intense anomalous positive magnetic field and negative
gravitational anomalies., Obviously, within the boundaries of the Surgutskiy
arch, the basement is represented by weakly metamorphosed formations of
stage II with the development of effusives of basic composition.

. The results of these operations indicate the significant prospectiveness of
the develonment of such studies in enormous territories still not covered by
seismic exploration to the north and south of the latitudinal course of the
Ob' River. Considering these results, the Glavtyumen'geologiya Trust and
the Ministry of Geology of the USSR are planning the soundings by the
refracted wave method in 1977-1980 over an area of 150,000 km?. Defined
possibilities are opened up in using such data for interpretation of the
gravitational and magnetic field anomalies.

The large-scale prospecting work by the spot sounding method using refracted
waves was carried out in the Shaimskiy oil-bearing region within the limits
of the so-called Shaimskiy structural nose. The work was performed during
two summer field seasons by the efforts of the ZapSibNIGNI Institute (1963)
and production crew 44/64 of the Shaimskavya petroleum prospecting expedition
(1964) with the goal of testing the procedures for finding and preliminary
- study of local structures. Some 292 physical observations were made in an
area of 2650 km2, which made it possible to compile a structural map of the
surface of the basement on a 1:200000 scale with an isohypse cross section
of 100 meters (see Fig 84).
As a result of the TZ MPV refracted wave operations, the general regional
submersion of the basement surface from southwest to northeast to a depth
from 1600 to 1900 meters was established, In the general submersion zone
the structural element of II order is clear ~~ the Shaimskily structural nose
previously noted by the data from the gravimagnetic surveys and bounded on
the west, the north and the east by the 1800 meter isohypse.

A number of local order III structures have been isolated (see Fig 84).

In the southern part of the area the northern periclinal of the Severo-
Teterevskaya structure was discovered. Then to the north the Tolumskoye
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local uplift was discovered and outlined. It is a brachyanticlinal fold
extended in a meridional direction, The dimension of the structure

with respect to the long axis is 10-12 km, and by the short axis, 6-7 km.
The amplitude of the uplift within the limits of the closed loop is

120 meters. The depth to the basement surface in the arch part is 1580 m.
The Tolumskoye uplift is separated from the Severo-Teterevskaya structurc

by a downwarp.

North of the Tolumskaya anticlinal structure, the Semividovskaya local
structure is noted which has dimensions with respect to the outlining
isohypse of 1700 meters, 9x6 km with an amplitude of 59 meters.
of the Semividovskoye uplift is the small (5x2.5 km) brachyanticlinal fold
of the northeastern strike with an amplitude of about %0 meters.

The western and eastern wings of the Shaimskiy structural nose are made
up of a number of local bay-like troughs, local depressions and uplifts.
In particular, on the western wing, a small uplifted zone called the

Double Local Structure is noted.

A comparison with the detailed area operations by the reflected wave method
performed after taking the TZ MPV surveys indicates that even insignificant
structural peculiarities noted in the TZ MPV refracted wave method,
essentially only qualitatively find good confirmation during beachhead
operations. 'The detailed seismic prospecting operations by the reflected
wave method have confirmed the Severo-Teterevskaya, Tolumskaya,

"~ Semividovskaya and the Dvoynaya structures.

11

The presented results indicate that the TZ MPV refracted wave method of
. _ " course cannot replace the reflected wave method (the continous profiling),
- but even under the complex conditions of the Shaimskiy district the
complexing of these general methods will permit the most efficient selec-
) tion of the areas for prospecting and outlining local structures with

smaller expenditures of time and means,
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Of course, the constructions by the TZ MPV refracted wave method and by the
area surveys using the reflected wave method in individual details some-
times do not coincide, which is entirely natural in conmnection with the
different observation density for the detailed area surveys by the reflected
wave method and the prospecting TZ MPV refracted wave method.

After performing detailed seismic work on the Severo-Teterevskaya and the

Tolumskaya structures, prospecting drilling was started leading to the dis-
covery of two oil fields (Severo-Teterevskoye and Tolumskoye).
drilling results confirm the high accuracy of determining the depths to

the basement surface by the sounding procedure (see Chapter V, §1, Table 3).
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Figure 84. Comparison of the results of the TZ MPV refracted
‘ wave method with the data from detail seismic proszpecting
by the reflected wave method and drilling

1 -~ sounding centers in which the depths to the surface of the
foundation are obtained; 2 —- outline of the petroleum deposits

by the condition on 1 January 1967; 3, 4 == isolines of the base-
ment surface with respect to the data of the TZ MPV refracted
wave method (3) and by the data from the detail operations by the
reflected wave method of the Shaimskaya and the Khanty-Mansiyskaya
oil prospecting expeditions (4); 5 -~ the reconnaissance prospecting
drilling wells and absolute depths to the crystalline basement.
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Area- Studies of the Internal Structure of the Basement in the Southerun
Part of the Western Siberian Platform

These studies were performed by the central complex geophysical expedition
of the Novosibirsk territorial geological administration jointly with the
IGiG Institute of the Siberian Department of the USSR Academy of Sciences
over an area of 100,000 km? within the limits of the Novosibirsk, the Omsk
and the Kurgan Oblasts in connection with the problem of discovering the
prosvects of oil-bearing Paleozoic depotis [64, 113].  The operations
were basically performed during the summer with motor transportation.

The seismic model of the upper part of the basement anl the choice of the
reference waves for the reglonal area studies are based on the results

of the traverse operations discussed in the preceding item by the method
of deep seismic sounding and on the experience of studying the bottoms of
the platform mantle by the reflected wave method.

The reflecting boundary f, occurring in direct proximity to the foot of
the Mesozoic-Cenozoic platform mantle is traced by the reflected wave
method using the ordinary procedure.

The refracting surface ¢ is studied in an area sounding network with bases
of 10-25 km with average density of the points of determination of the
depths and the boundary velocity of 7x7 km. The discontinuous layer b
(see Fig 73) between the boundaries f and ¢ obviously corresponds to the
sedimentary-vulcanogenic rock of Triassic and lower Jurassic age included
by a number of researchers in the composition of the II structural stage.

? The refracting boundary I is also traced in the area sounding network. The
1 sounding bases are 40-60 km, and the spacing between their centers is

| 2-3 times greater than when studying the boundary f. The refracting
method I supposedly belongs to the surface of intensely metamorphized

rock of the geosynclinal complex, and the layer c between the ¢ and I
boundaries for the interpretation which is in need of confirmation by

deep drilling data, can be considered as the lower (Paleozoic) series of
rock in the structural phase II. The basic prospects of oil-bearing
Paleozoic in the southern part of the Western Siberian platform are
connected with this series,

The indicated seismic surfaces and the layers -bounded by them are encountered
in various combinations. By the set of data on the configuration of the

R seismic boundaries and the velocity distribution in the medium, three types
of seismic sections of the basement are isolated which are investigated

; in detail in the preceding item (see Fig 73),

The areas with different types of section are blocks of the basement
separated by almost vertical abyssal fracture zones, The problem of the
area regional seismic studies include the study of the ¢ and I reference
‘boundaries to obtain data on the spatial structure and properties of the
basement to depths of about 10 km with separation and tracing with respect
to the area of different blocks and the deep fractures separating them.
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. Figure 85. Structural map of the ¢ boundary
1 -- isohypses, km; 2 — isohypses by the uncertain data and
3 —— proposed.

1. Tara
2. Omsk
3. Barabinsk

The resultant constructions are presented in the form of three maps and
the section explaining them (see Figures 85-88). The maps obtained contain
the following information,

1. The relief of the refracting surface ¢ with detail sufficient for
determination of the regional structures and their complicating uplifts
and troughs with horizontal dimensions of more than 10 km,

2. Area distribution of the boundary velocities in the rock underlying
the ¢ surface.

3. The contours of the propagation of great thicknesses (more than 0.5 km)
of the layer b between the boundaries f and ¢ identified with the upper
series of sedimentary-vulcanogenic rock of the intermediate structural
stage.
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4. - The thicknesses of the layer c¢ between the ¢ and I boundaries, the

discontinuous spread of which is controlled by the fracture zones.

By the set of these data it 1s possible to determine the spatial layered-
block structure and the propertlies of the rock with a total thickness

up to 5-6 km, which 1is the basement of the platform mantle,

selsmic structure of the basement.

> Y m(n' | 3

e (s

The reglonal~
Izatlon of the basement with respect Lo Lypes of Lty Internnl struclute
shown in Fig 73 is possible, Let us consider the general laws of the

Figure 86. Velocities through the ¢ boundary

1 -~ velocity isolines, km/sec; 2 -~ isolines by the unreliable

data and 3 ~~ proposed.
Key:
1 -~ Tara; 2 ~- Omsk; 3 =~ Barabinsk

The refracting boundary ¢ divides the investigated series of basement

rock into two parts distinguished with respect to elastic properties
(and, consequently, with respect to rock composition) and structural

characteristics,
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The upper part —— the seismic layer b probably corresponding to the
Triassic and lower Jurassic formations ~~ is characterized by relatively
smooth variation of thickness in the 0-2 km range. The maximum thicknesses
are coordinated with the deep depressions, the zero thicknesses are
coordinated with the uplift arches with respect to the ¢ surface. The
thickness of the layer is basically determined by the relief of this
boundary, for the surface of the layer (the boundary f) lies appreciably
more gently sloping. The lower (under the boundary &) part of the base-
ment section has higher propagation rates of the elastic waves, as a rule,
more than 5 km/sec. A characteristic feature of this part is the block
structure. The limits of the blocks (fractures) are in the sections with
sharp variation of the depths and velocities on the ¢ houndary where dis-
continuous uplift of the surface I takes place to the level of the

% boundary, as a result of which the layer c between them is completely
wedged out. The transverse dimensions of the isolated blocks amount to
no less than 10-15 km. Their strike is different, and on the whole it
agrees with the strike of the structures over the ¢ surface. The blocks
predominate with the c layer (the first type of structure in Fig 73), in
which the boundary velocity at the ¢ surface is relatively low, about

5.6 km/sec or less.

The blocks with thick (several kilometers) low-speed layer c spread to
60-70% of the investipated territory are of significant interest in
connection with estimation of the prospects of oil-tearing Paleozoic

in the southern part of the Western Siberian platform, for it is possible
to propose that this layer in a number of cases corresponds to the slightly
altered sedimentary Paleozoic formations making up the buried petroleum-
bearing basins, Accordingly, during further studies, along with the
expansion of the area of the investigated regional seismic operations, a
problem of primary significance is the discovery of the geological nature
of the layer c by the set of drilling and geophysical data, The seismic
method faces the problem of the breakdown of this layer and the study of
its internal structure to find possible petroleum-controlling structures.

Let us proceed with the geological interpretation of the basic seismic
data on the structure of the upper part of the conmsolidated crust. The
main problem consists in determining the geological analogs for seismic
boundaries ¢ and I and the layer of rock between these boundaries.

As has already been noted, in the basement of the Western Siberilan platform
covered with Mesozoilc and Cenozoic platform mantle, two structural stages
are isolated. Stage I, or the folded basement itself, is a complex

of Paleozoic and more ancient formations undergoing the geosynclinal

phase of development and represented by the folded, metamorphosed rock
saturated with various intrusions, Stage II (otherwise called the pre-
mantle, intermediate or parageosynclinal) is formed of Paleozoic and Lower
Mesozoic sedimentary and vulcanogenic-sedimentary rock occurring discon-
tinuously between the Mesozolc~Cenozoic platform mantle and folded
basement. '
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Figure 87. Diagram of the intermal structure of the prejurassic
deposits of the Western Siberian platform
1 -- isohypses, km; 2 -- boundaries of the blocks (proposed
fracture zones); 3 -~ sectioits of sharp variation of the boundary
velocity along the ¢ surface; 4 —— sections of spread of the
layer b (see Fig 73) more than 0.5 km thick; 5 -- thickness
of the layer c, km; 6 ~— propagation sections of the layer c.
Key:
i 1. Tara
- 2, Omsk
- 3. Barabinsk
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Figure 88. Seismic section characterizing the internal structure
of the basement of the Western Siberian platform
by the I-II-III profiles (see Fig 85-87).
For the provisional notation see Fig 73.
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The structural stage II includes complexes of deposits of different age,
composition arnd conditions of occurrence. A. L. Yanshin [136] divided

them into three groups: the molasse formations of the edge downwarps

and the intermontane hercinian basins, the epigeosynclinal Middle and Upper
Paleozoic deposits within the regions of Caledonian folding, Triassic and
Lower Jurassic deposits known in the Chelyabinsk graben and in the northern
part of the Turgayskiy trough. In the regions with more ancient folded
basement the deposits of stage II can be semiplatform and platform facies

of the Lower and Middle Paleozoic. According to V. S. Surkov [116], such
conditions are probable primarily for the eastern part of the platform.
Many problems pertaining to the structural stage IT remain under discussion.
Thus, the Triassic and Lower Jurassic deposits (the Turinskaya and the
Chelyabinsk series of suites) were classified as stage II by N. N. Rostovtsev
who considered their local spread, their dislucation and uncoordinated
overlap by the sediments of the platform mantle. A. L, Yanshin [136]
classified the same formations as platform mantle.

The problem of the geological nature of the refracting boundary?®® has been
investigated by many researchers, but the nonuniformity of the complexes
of rock combined under the name of the second structural stage was not
taken into account to the required degree here. In additionm, before per-
forming the operations by the deep seismic sounding method data were not
available in the required volume or on the structure below the ¢ boundary.
These facts led to contradictory solutions: the boundary ¢ was identified
either with the surface of the prejurassic basement or only with the
surface of the folded’ basement,

At many tens of points.of the spot seismic sounding traverses the platform
mantle was completely penetrated by drilling wells. In practice in all

of these points the boundary ¢ coincided with the foot of the platform
mantle, However, this coincidence is insufficient for complete solution
of the investigated problem inasmuch as the wells almost always are
drilled in uplift zomes where usually there is no rock of the second
structural stage. With respect to the surface ¢, the deep depressions

224
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

are established in which, judging by its relation to the layers in the
bottoms of the sedimentary mantle, the appearance of new series of rocks
is highly probable. These series can be Triassic and Lower Jurassic
formations, especlally if they are represented by the Chelyabinsk series
of suites joined by interlayers of effusives and similar with respect to
elastic properties to the lower layers of the platform mantle. According
to D. B. Tal'virskily [118], this variety of rock in the second structural
stage 1s characterized by the velocities of the elastic waves near 3-4 km/sec.
The discontinuity between the platform mantle and the Triassic-Lower
rock has been reliably established during detailed KMPV [correlation
refracted wave method] operations, but it can hardly be determined
reliably by the data from the sounding procedure although such efforts
have been made.

Consequently, in the uplift zones the boundary ¢ corresponds to the foot
of the Mesozoic and Cenozoic platform mantle, and in the deep depressions
may drop to the foot of the Triassic and Lower Jurassic formatioms,

the structural-tectonic reglonalization of which, as was noted above, i1s
interpreted differently by different researchers, It is expedient more
precisely to define the solution of the problem for the depression zones
in specific cases by the KMPV studies on continuous profiles and by
operations using the reflected wave method.

The complexes of rock of the second structural stage of the Paleozoic Age
have been studied in the basins of Central Kazakhstan, in the

Minusinskiy and Kuznetsk troughs and in other sections. By comparison

with the Triassic and Lower Jurassic formations, a high degree of compact-
ing and higher velocities of the elastic waves are characteristic for them.
Thus, the rock of the Kuznetsk trough (see Fig 71) near the day surface

has a velocity of 4.5-5.0 km/sec. If the analogous series of rock is
overlapped by the platform mantle 2-~3 km thick, then the velocities in them
as a result of the compression effect increase to values of about 5.0-5.5
kn/sec. The contact of the investigated rock with the platform mantle

in all probability will correspond to the refracting boundary ¢. In this
case the deeper :seismic boundary I can be considered as the surface of the
folded (geosynclinal) basement, and the layer between the ¢ and I boundaries,
as the separate structural stage complicated by the Paleozoic formationms.

As a result of the analysis, the basic characteristics of the structure
of the upper part of the consolidated crust of the Western Siberian platform
can be represented as follows,

1
The ¢ boundary is with respect to 1its geologlcal nature, a composite
boundary: it coincldes with the surface of the second structural stage
if it is represented by Paleozoic rock and wherever Paleozolc rock is
absent, with the surface of the folded (geosynclinal) basement. The
¢ surface has sharply dismembered rellefj the development of Trilassic
and Lower Jurassic formations is probable in its deep depressions,
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The internal structure of the foundation below the ¢ boundary is non-
uniform and can be schematically divided into three types. The most
widespread type of section 1s two structural stages: the intermediate
stage made up of different parageosynclinal and platform Paleozoic
formations, and geosynclinal stage. The data from the seilsmic method on
the probable propagation of the indicated formations of the Paleozoic
supplement the previous structures [104, 117, 124]. It has been estab-
lished that the thickness of these formations, which in a number of cases
reaches 6 to 10 km, is greater than previously assumed.

The sections of the second type distinguished by high elastic wave veloc-
ities on the ¢ surface (6.0-6.6 km/sec) are characteristic of the uplifted,
deeply eroded blocks of folded basement, and obviously, they are to a
great extent analogous to the exposed part of the Salair anticlinorium.

The third type of section with relatively smooth velocity buildup in the
medium under the & surface has local spread corresponding apparently to a
continuation of the geosynclinal formations of the Tom'-Kolyvanskaya
folded zone deep in the Western Siberian platform.

The presented geological interpretation of the seismic data, which is
unavoidably schematic, in all probability correctly characterizes the
general features of regional structure of the basement of the southern half
of the Western Siberian platform, The seismic boundary I cannot be
associated with the surface of the folded basement in all parts of the
investigated territory. In particular, the vicinity of the latitudinal
course of the Ob' River constitutes an exception. This boundary possibly
reflects the secondary alterations of the elastic properties of the base-
ment rock as a result of regional metamorphism. These difficult problems
must be solved by special, significantly more detailed seismic observatioms.

§3. Regional Seismic Studies in the Siberian Platform

The ancient Siberian platform is one of the most prospective regions of
our country where the richest oill and gas formations, diamonds and other
minerals have been discovered after broad regional geophysical studies,
primarily by the seismic method. The inaccessible terrain, the presence
of permafrost, high elastic wave velocities in Paleozoic platform mantle

- saturated with trapped bodies in a number of reglons -- all of this pre~
sents great difficulties to the reglonal seismic operations which actually
have not been performed to any significant extent to the present time,
The study.of the basement surface has been carried out only in individual
restricted profiles by the correlation refracted wave method. No deep
selsmic sounding operations have been carried out in general.

The development and introduction of the methods of spot (differential)

soundings with the Tayga system, improvement of the methods of exciting

the oscillations have to a significant degree made it possible to overcome

the noted difficulties and proceed with a regional study of the basement
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and the deeper parts of the section in the vicinity of the Siberian platform.
The basement (about 8000 km of traverses) has been studied in the
Tungusskaya syneclise; in the southern platform they have been performed

in the vicinity of the Nepskily arch and started in the diamond-bearing

areas of Yakutia., The study of the entire thickness of the earth's crust
has been performed in the territory of Yakutia (5000 km of profiles) still
with respect to relatively incomplete sounding systems which in a number

of sections needs additional observations planned for the near future.

In addition, the deep selsmic sounding traverses when studying the Western
Siberian platform in the Baykal rift zone will reach the extreme western
and southern parts of the Siberian platform. The results of these traverses
are investigated in §2 and 5 of this chapter.

Tungusskaya Syneclise

The Tungusskaya syneclise, the largest (about 1 million kmz) suprasequential
structure of the Siberian platform, puts this territory in the category of
prospective for petroleum. Along with the extremely difficult surface
conditions for geophysical operations, a characteristic feature of this area
is the broad development of the trap formation rock represented by stratal
and intersecting bodies, saturating and crossing the sedimentary mantle in
which numerous conducting trap channels and dislocations with a break in
continuity of different depths of occurrence are observed. All of this
greatly complicates the natural geophysical fields and leads to low relia-
bility of their geological interpretation without support on the results

of the regional seismic work. The concepts of the thickness of the plat-
form mantle and the structure of the basement until recently were primarily
based on the results of interpreting the magnetic and pravitational field
anomalies, and they were highly contradictory.

Since 1969, the Krasnoyarskneftegazrazvedka Trust and the SNIIGGIMS Institute
have been conducting scientific studies in the northerm, central and

southern parts of the syneclise by the refracted and reflected wave spot
sounding procedure as a regional study of the upper part of the earth's

crust to a depth of up to 10-15 km. The studies are performed by the

Tayga equipment and using blasts of large groups of small charges in bore-
holes 1 meter deep (see Chapter IV, §1), Four thousand km of regional
traverses have already been run,

In order to study the wave plcture, isolate the reference waves and
determine the seismic model of the medium, 20 uniformly distrihuted para-
metric soundings have been made, It was discovered that fo: :-: +ding

; bases to 10-20 km, the former have recorded refracted waves from the

' boundaries in the sedimentary mantle; then up to distances of about 60 km,
in the first arrivals refracted waves from the boundaries have been
recorded with high (6,1~7 km/sec) boundary velocity assoclated with the

' surface of the basement, In the subsequent arrivals reflected waves were

isolated (basically at the critical angle). The most stable of them per-—

i tain to the surface of the basement (10-40 km base) and to the boundary
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inside the basement at a depth of 10-~15 km (sounding base 40~60 km). On
the basis of these data, sounding systems have been given on the regional
traverses.
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Figure 89. Seismic section through the profile of the
Karabula-Osharovo settlements (Tungusskaya
syneclise).
1 -- refracting boundaries; 2 -~ reflecting boundaries;
3 -- proposed fracture zones; 4 -- basement surface by the
data from the complex interpretation of the gravimagnetic
materials [36]. The velocity is presented in km/sec.
Key:
1. Karabula settlement
2. Boguchany settlement
3. Osharovo settlement
g' Vboundary

* Vgtratal

The Karabula-Osharovo traverse (Fig 89) has been investigated as a
standard traverse. It characterizes the deep structure of the southern
part of the investigated territory in the sections of the Kansko-
Taseyevskaya and Vel'minskaya basins,

At depths to 16 km, four seismic boundaries were isolated. The ¢ and III

‘ boundaries were the most sustained. The stratigraphic time of the
f seismic boundaries was realized using data on the deep wells in the
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northern section of the traverse -~ boundary I correspends to the deposits
of the Bel'skaya suite, boundary Rg¢ 1s coordinated with the roofs

of the Riphean deposits. 1In the center of the traverse boundary I per-
tains to the top of the Angara suite, and boundary II is provisionally
tied to the Riphean deposits.

The refracting and reflecting boundary ¢ pertains to the basement surface.
Inside the basement the reflecting boundary III is traced. The mean
velocity in the sedimentary mantle varies with respect to the profile in

the range of 4.7-5,3 km/sec. The boundary velocity on the ¢ surface is

6.5 to 6.8 km/sec. The mean velocity to the boundary III is 5.7-5.8 km/sec.

According to the data on the configuration of the boundaries and the
distribution of the boundary, stratal and mean velocitiles, three blocks
have been isolated which are separated by the proposed fracture zones
through which the seismic boundaries are shifted by an amount to 3 km.

The central modulus characterized by the greatest depths to the ¢ boundary,

the highest values of the boundary velocitiles and the least thickness of

deposits included between the ¢ and III boundaries. The northern block

is distinguished by the least depths to the ¢ surfacz -~ 2~5 km; the -
stratal velocity between the ¢ and III boundaries is decreased to 6 km/sec.

The increased thickness of the layer between the 9 and IL. boundaries

is characteristic of the southern block.

The blocking, which is most clearly expressed inthe lower part of the
section, is depicted also in a separate part. The refracting boundary

I, I', II and Ry in the central’and northern blocks have essentially
different boundary velocities for close depths of occurrence. In the
southern block in the upper part of the section only one refracted boundary
is isolated.

Comparing the seismic structures with the results of the preceding inter-
pretation of the complex of geological~geophysical materials [36] without
being supported on seismic data (see Fig 89), it is possible to see the
significant noncoincidence in the depth and morphology of the basement
surface. Along this surface directly opposite structural forms and differ-
ences in depths of 3-4 km were obtained. 1In the preceding structures, the
block structure of the basement was not reflected at all. One of the
causes of this divergence obviously is comnected with the fact that the
gravitational field anomalies serving as the base when calculating the
depths to the basement are determined not only by the thickness of the
sedimentary mantle, as was assumed, but to a greater degree by the physical
properties of the basement rock. This is confirmed by the distribution

of the boundary and stratal velocities obtained -~ the lowering of the
depths to the ¢ surface coincides with a section of the central block where
increased values of the seismic velocitles in the basement rock were
established,
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Figure 90. Schematic map of the boundary velocities through
the surface of the basement of the Tungusskaya
syneclise. , '
1 -- boundary of the Siberian platform; 2 -~ seismic profile,
The regions with significant velocity, km/sec: I -- Vboundary=5'6
to 6.8; II -- Vyoypdary=6.3 to 6.5; IIT -- vbouudary=6'1_6’2'

Key: ) )
1. Noril'sk 7. Tura
2. Khantayskoye Lake 8, Podkanennaya Tunguska
3. Kotuy 9, Angara
4. Turukhansk 10. Boguchany
5. Yenisey 11, Kezhma
6. Nizhnyyig Tunguska 12, Krasnoyarsk

13. Markovo

The summary constructions with respect to the entire set of investigated
seismic traverses (Fig.90) provided new information about the regional
structure of the upper, for example, 15-kilometer, series of the
section of the Tungusskaya syneclise, :
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By the values of the boundary and the stratal velocity, the regiomal
zonality of the properties of the upper series of the basement is noted.
In the central part of the syneclise, a highly dense core is isolated
characterized by increased values of velocity -~ to 6.6-6,8 km/sec

(see Fig 89). The peripheral sections of the syneclise are distinguished
by lower (6.1-6.2 km/sec) velocities, This zonality of the properties

of the basement must be taken into account when interpreting the regional
gravitational anomalies and the complex geological-geophysical structures.

Key:
1 ~-Podkamennaya Tunguska; 2 -~ Poligus; 3 -~ Surineva; 4 ~-
=6.8 km/sec; 5 -- Chumya; 6 -~ Zuyumbaj 7 ~~ Vanabara; 8 -~
Yenisey ridge; 9 -~ B. Pit River; 10 ~~"Angara River; 11 -~ Ust'~Karabula;
12 -~ Yenisey

ity

O
10200\ 3 X Yomp-Kapabyna

= ) @
-

Figure 91. Structural~tectonic diagram of the southern part of
the Tungusskaya syneclise with respect to the crystal
basement surface (according to the data from the
seismic soundings of the basement).

1 -- seismic profiles; 2 -~ isohypses to the crystalline basement,

km; 3 -~- fractures according to the sounding data; 4 —~ boundary

velocities of the refracted waves, km/sec; 5 -- boundary of the

Yenisey ridge. The uplifted zones: I -~ Baykitskoye domed

uplift; II -~ Nizhne~Tayginskaya, III -~ Chunskaya, IV ~=

Yuzhno-Turinskaya, V -~ Priangarskaya basin, Swells; 1 «~

Baykitskiy; 2 -~ Kuyumbinskiy; 3 «~~ Nizhne-Tayginskiy,

Oskobinskaya large-scale local structure, domed uplift; 4 --

Vanavarskoye, 5 -~ Chadobetskoye.
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By the data obtained it has been established that the thickness of the
sediments within thé boundaries of the syneclise varies from 2 to 8 km,
In a number of regions the thicknesses of the Riphean deposits are
defined, and the zones of their regional wedging out are planned.

In the northern part of the syneclise the position of the Ayanskily arch
and its amplitude (more than 2 km) are determined for the first time over
the surface of the basement; the position of the Dyupkunskaya and
Kochechumskaya basins 1s more precisely dzfined.

In the southern part of the Tungusskaya syneclise, including the interfluve
of the Angara and the Nizhnyaya Tunguska, the profile network made it
pessible for the first time to construct the structural-tectonic scheme
over the surface of the basement on a 1:2500000 scale by the seismic

data (Fig 91).

In the northwestern part of this territory the -4.0 km isoline is used to

outline the large Baykitskiy arch with an amplitude of 2 km and horizontal
dimensions of 250x200 km. The arch occupies an area of about 50,000 km?.

In the southwestern part this arch is separated from the Yenisey ridge by

a narrow trench 40 km wide with maximum depths to the basement of about

5 km.

The structural plan of the Baykitskiy arch is made up of two swell type
domes ——- Baykitskiy and Kuyumbinskiy.

In the central part of this territory (the 4.0 km isoline) is the
Nizhne-Tayginskaya swell type uplifted zone extended in the northeasterly
direction. The amplitude of the uplift is more than 1 km, and the hori-
zontal dimensions are 75x250 km, Within the bourdaries of the uplifted
zone, two uplifts are isolated: the Nizhne-Tayginskiy swell directly
and the Oskobinskaya large local structure. The amplitude of each of these
uplifts is about 1 km. Both structures have an elongated shape subordinate
to the overall strike of the uplifted zone. The area of the Nizhne-
Tayginskiy swell is 3000 km2, and the Oskobinskiy, 1200 km?. The

. Nizhne-Tayginskaya uplifted zone is separated in the west from the Baykitskiy
arch by a deep and quite narrow trough. In the east it is bounded by a
submeridional fracture. : ’

- In the eastern part of the territory the -4.0 km isolines separates the

- Vanavarskoye dome uplift,_ The uplift amplitude is more than 1 km, and
the area is about 4000 km“, The Vanavarskoye uplift is separated from the
Nizhne-Tayginskaya uplifted zone by a deep (more than 6 km) trough.which
in the southern part of the territory is rotated to the wide Priangarskaya
graben-like depression elongated in the sublatitudinal direction. In -
the south. this depression is bounded by a fault in the uplifted block of
the basement, The maximum depths in the Angara basin reach 8 km or more.
Within the boundaries of the basin, almost in its central part, an
autonomous Chadobetskoy uplift is located with an amplitude of more than
3 km. The area occupled by the uplift along the ~7.0 km isoline is about
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6000 km2. The maximum depths to the basement at its limits is
3.0 meters.

In the northern part of the area the ~5.0 km isolines mark off the
Chun'skaya and the Yuzhno-Turinskaya uplifted zones.

Within the limits of this territory, an entire system of faults is isolated,
part of which is determined by the Kuyumbinskiy block. The

Kuyumbinskiy swell and the Nizhne~Tayginskoye uplift are located within

its 1limics., The distinguishing feature of this block is the reduced values
of the boundary velocities along the surface of the basement (6.5 km-sec),
whereas in the zones arriving from the north and south they amount to
6.8-7.0 km/sec. It is possible on the basis of this to propose that the
basement of the Kuyumbinskiy block is made up of less dense rock than the
blocks surrounding it. The basement of the Yenisey ridge and also the
southern part of the Baykitskiy arch is characterized by boundary velocities
of 6.0 to 6,2 km/sec, and it is probably represented by less dense acid
rock.

Nepskiy Arch Region

The Nepskiy Arch is located in the southern part of the Siberian platform
and is a large buried uplift of northeasterly strike with dimensions of
800x200 km, and an amplitude in the transverse cross section to 800 meters.
The arch is complicated by a number of positive structures. The sedi-
mentary mantle and the basement are penetrated by a series of fractures
with which the trap intrusions are often associated. For proper orienta-
tion of future petroleum prospecting operations the most important goal in
the given phase of the investigations i1s the study on the regional level
of the surface of the crystalline basement and its relation to the lower
horizons of the sedimentary mantle.

The operations by the refracted wave spot sounding procedure to study the
basement in the Nepskiy Arch have been performed since 1974.

The Eastern Geophysical Trust jointly with the IGi( Institute of the
Siberian Department of the USSR Academy of Sciences has introduced a new
procedure and has studied an area of more tham 30,000 kmZ. The basic volume
of this work is concentrated in the least studied southeastern slope of

the arch.

The refracted wave from the basement surface was recorded in the first
arrivals in the traverse and area sounding systems with bases of 30-60 km.
The Tayga equipment was used, The oscillations were excited by group
blasts in shallow natural bodies of water, Ailr transportation was used.

The operations in this region are continuing. The materials already avail-
able indicate high effectiveness of the procedure and theoretical signifi-
cance of the results obtained.
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Figure 92. Nepskiy Arch, Structural diagram of the basement
surface in the basins of the Nizhnyaya Tunguska-
Peleduy-Lena Rivers.

1 -- sounding center; 2 -— isohypses of the basement surface

with respect to the TSZ MPV refracted wave method; 3 -- isohypses

of the basement surface according to the reflected wave method,
the common depth point method and by drilling; 4 -- the deep
drilling areas; 5 -- recommended areas of deep parametric
drilling (crosshatched ~~ the primary drilling areas); 6 —-
proposed tectonic disturbances according to the geophysical data.

Preobrazhenskoye uplift
Tympychanskiy trough
Nyuyskiy swell
Pribaykal'skiy trough

As a result of processing the materials from the spot seismic soundings
and complex interpretation of the geological materials available over the
area, a structural diagram of the basement surface for the southeastern
part of the Nepskly Arch (Fig 92). and the deep sections were compiled,
one of which is presented inFig 93, In the structural diagram the
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Preobrazhenskoye uplift, the Nyuyskly swell and the Tympychanskly and
Pribaykal'skiy troughs bordering on them are clearly isolated.

The Preobrazhenskoye uplift occupies the central part of the Nepskly Arch,
and it 1s traced 120 to 130 km in the latitudinal direction. The
basement surface marks are -~1400-1500 meters. The roofs of the
Nizhnemotskaya subsuite (M, horizon) traced by the seismic exploration

by the reflected wave method within the limits of the Preobrazhenskoye
uplift in practice coincides with the basement surface.

The Nyuyskiy swell is a sharply expressed structural element of the base-
ment surface on the southeastern slope of the Nepskiy Arch. It has sub-
meridional strike, and it has a width of 20 to 60 km., The swell is
traced 150 km. The basement surface marks are ~1100 to 1300 meters,

The Tympychanskiy trough separates the Nyuyskily swell from the
Preobrazhenskoye uplift. The absolute marks of the basement surface in the
trough are -2000 to 2200 meters., The My horizon here lies practically
horizontally at the level of 1200 to 1300 meters. The total thickness of
the sedimentary mantle by comparison with the Preobrazhenskoye uplift
increases by 600~800 meters.

t;(;g p.4ora (1) p.tos(2) semo-adana (3) i nena (4) [
’ ! p 200KkM
0 w_wﬁgj—ar_‘—r/w
-1000

~2000 4}@___@

- vr-ﬁ.HO.; KM/ : ] B2
‘jggg - (5)‘ < .
s = = U (Bl (S

Flgure 93. Geological-Geophysical Section (Chona River to
Ust'-Kadala settlement).
1 -- depths over the basement surface according to the refracted
wave data from spot sounding; 2 -~ depths to the reflecting horizon
My (roofs of the Nizhnemotskaya subsulte according to the seismic
exploration data of V., I, Pompik, 1974); 3 -~ tectonic disturbances
by the geological map; 4 -~ proposed tectonic disturbances by the
geophysical data; 5 -~ surface outcrops of the rock of the Upper
Cambrian, Jurassic and Ordovician.
Key:
1 -~ Chona River; 2 ~~ Nyuya River; 3 -~ Ust'~Kavala; 4 -~ Lena
River; 5 —~~ Vboundary=6'1+0'1 km/sec,
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The eastern part of the investigated area is occupied by the Pribaykal'skiy
trough, the width of which within the limits of the investigated territory
is 70-100 km. A strip 20 km wide east of the Nyuyskiy swell is a zone

- of sharp pradients of submersion of the basement from the ~2000 to 3500-
4000 weter marks. The thickness of the sedimentary complex increases by
2000 meters or more.

The increase in thickness of the sedimentary mantle in the deep troughs
(see Fig 93) takes place as a result of an increase in thickness of the
terrigenic deposits of the Motskaya suite and, primarily, as a result of
the appearance in the section of the Wend and the Upper Proterozoic
terrigenic-carbonaceous deposits with a low degree of metamorphism. Im
the direction of the internal parts of the platform the total thickness
of these deposits is quickly reduced and wedges out. These wedging-out
zones located in the natural parts of the Nepskiy Arch are of interest
as an independent object of oil and gas prospecting.

As a result of the work that has.been done, the data on the structure of
the southeastern slope of Nepskiy Arch have become theoretically signifi-
cant for the first time. The most important results of the studies reduce
to the following.

1. It has been established that the basement surface is characterized

by dismemberment of the relief, the morphology of which frequently does
not find reflection in the structure of the lower Cambrian deposits. The
basic elements of the arch -- the Preobrazhenskoye uplift, the
Tympychanskiy trough, the Nyuyskiy swell and the Pribaykal'skiy trough --
have been isolated with respect to the basement surface.

2. On the slopes of the noted uplifts, on the outside of the
Pribaykal'skiy trough, wedging~out of the lower Cambrian and the late
precambrian deposits has been discovered everywhere with which the zones
of regional petroleum and gas accumulation are connected.

3. The discovery of the indicated tectonic and structural-lithologic laws
- with respect to the basement surface and the deep horizons of the sedi-

mentary mantle is one of the most important bases for estimating the

high prospects of the oil and gas-bearing nature of the Nepskiy Arch,

which permits successful orientation-.of the prospecting work. The

recommendations with respect to the location of the primary parametric

deep wells are reflected in Fig 92.

Reglons of Yakutia
In the eastern parts of the Siberian platform, the Geological Institute
of the Yakut branch of the Siberian Department of the USSR Academy of

Sciences and the Yakut TGU Administration (the Yakut Complex Geophysical
Expedition and the Amakinskaya Geological Prospecting Expedition) have

236
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

peiformed deep seismic studies by the spot sounding method, In 1968-1974,
wirk was done [110] along a number of traverses by the deep seismic sound-
ing method over an extent of about 5000 km (see Fig 66) within the limits

of the Vilyuyskaya syneclise, the Botuobinskaya saddle, and the Aldan and
Anabarskaya anteclises., Before the seismic soundings there was only an
approximate representation of the structure of the deep horizons of the
earth's crust using the data from magnetotelluric sounding and gravitational
field anomalies,

(1 ) Muproid
0 1

. . ~
# -1 ar ooy

Figure 94. Seismic section along the Mirnyy-Sholosgontsy

traverse.
Depths according to the wave data: 1 -~ refracted; 2 ——
reflected; 3 -- abyssal fracture zone
Key:
1. Mirnyy
2. Shalogontsy
3. Vpoundary
g' Vmean

* Vstratal

The conditions of performing the seismic work are difficult: the taiga
and marshy terrain, and developed permafrost. In the high-speed sedimentary
mantle there are trap formations, and kimberlite magmatism.

The oscillations were recorded by the Tayga equipment, In the initial
phase of the operations, bombing from an aircraft was tested for excita-
tion of the oscillations. The experiments were performed using waves
from industrial open~pit mining blasts, The basic volume of the observa-
tions were made for blasts in the shallow natural bodies of water. The

_ sounding systems were designed to study the earth's crust to its entire

» thickness. The observations performed in recent years are planned to be

: supplemented for more reliabl determination of the parameters of the medium
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in the more interesting sections, In addition, additional observations
are needed at large (about 200 km) distances from the source, obtaining
recordings of the refracted waves from the deep boundaries, including the
surface of the mantle., Now this part of the scction 1s charactertzad
basically only by'the reflected wave data.

In the seismic sections and the generalizing systems constructed calling

on the data on the anomalous natural geophysical fields, large features

of the stratified-block structure of the earth's crust have found reflection
within the limits of the Aldan and Anabar anteclises, the Vilyuyskaya
syneclise, and the Botuobinskaya saddle. The standard seismic section

1s presented in Fig 94,

The surface of the crystalline basement (3) investigated by the refracted
wave data has a boundary velocity of 6,1-6.4 km/sec, and it occurs in a
wide range of depths -~ from several tens of meters to 13 km, The mean
velocity in the platform mantle varies within the limits of 3.9 to 5.2
km/sec.

As a result of constructing the deeper boundaries and determining the
velocities in the consolidated crust, it is divided into the provisional
"granite" and the "basaltic' layers, the mean stratal velocities in which
are equal to 6.1-6.4 and 6.7-6.9 km/sec respectively. In the predominant
part of the territory the thicknesses of these layers are commensurate
and equal to 9-25 and 13-34 km respectively. In the vicinity of the
Botuobinskaya saddle and the adjacent parts of the Anabar anteclise and
the Tungusskaya syneclise where the magmatic rock of basic composition

is widely developed, great thickness (24~34 km) and shallow occurrences
(9-13 km) of the "basaltic'" layer were obtained. Tts thickness here
exceeds by approximately 3 times the thickness of the "granite" layer.

The M surface with respect to the reflected wave data over the entire
investigated territory of the eastern part of the Siberian platform
occurs in a narrow range of depths of -38 to 40 kn although it is impossi-
ble to exclude the possibility of the appearance of zones of complicated
occurrence of the surface of the mantle and significant variations of its
properties with respect to area in more detailed work. The mean velocity
in the entire body of the crust is 6,3 to 6,5 lkm/sec.

The total thickness of the earth's crust remains in practice invariant
over the entire territory. However, the thickness of the consolidated
crust (between the ¢ and M boundaries) varies within broad limits ~- from

_ 25 to 39 km (Fig 95). The minimum thickness is established in the
depressions of the Vilyuyskaya syneclise, and the maximum thickness, near
the Aldan shield and the Anabar massif.
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Figure 95. Schematic of the thicknesses of the consolidated
crust in the eastern part of the Siberian platform
1 —- outcrop of crystalline rock at the day surface; 2 --
edge seams; 3 —- isopachous lines, km; 4 -- deep seismic sound-
traverses
Key: |
1. Anabar 10, Lena
2, Olenek 11, Aldan
3. Malaya Kuonapka 12, WVilyuy
4, Bol'shaya Kuonapka 13, Sinyaya
5, Muka 14, Namana
6. Vilyuy 15, Lena
7. Markha 16, Vitim
8. Tyung 17, Olekma
9. Linde 18, Aldan
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Below the M surface by 6~9 km another reflecting boundary (M;) 1s traced.
The approximate estimates of the velocity in the layer between this
boundary and the M surface give a value of 7,3~7,8 km/sec. This layer
is considered [10] as a transition zone from the crust to the mantle of
the earth.

As has already been noted, in the vicinity of Yakutia, the lower part of
the section of the earth's crust and the top of the mantle still has been
investigated only by the reflected wave method. Later the plan calls ’
for additional work on the previously laid profiles recording the refracted
waves to obtain more complete information about the physical state of the
mantle material and the material at the bottom of the crust, which is
extremely important for studying the kimberlite magmatism located here.

It is also necessary to execute reference profiles with detailed observa-
tions systems.

In 1974 deep seismic studies were started in the area network of profiles
in the kimberlite magmatism sections (Malo-Botuobinskiy and Daldyno-
Alakitskiy Rayons) in order to study the surface of the crystalline base-
ment, the deep parts of the earth's crust and the transition zone from the
crust to the mantle.

§4. Deep Seismic Sounding of the Earth's Crust and Upper Mantle in the
Baykal Rift Zone

The ocean and continental rift zones are the most iImportant tectonic
elements of our planet. Their study has primary importance in connection
with knowledge of the deep processes Inherent in the deeper parts of the
earth's mantle and actively manifested in the near-surface parts of the
earth's crust. The Baykal rift is the largest element in Eurasia of the
world rift system. Until recently the deep seismic studies mad here were
based on recording predominantly natural physical fields: gravitationmal,
electromagnetic, thermal, and the seismic earthquake fields. In all of
these fields significant deviations from the normal values have been
established, indicating the anomalous properties of the deep material and
characterizing the active tectonic process from different sides. However,
the concepts of the deep structure of the Baykal rift without the deep
seismic sounding reference data remained to a great extent hypothetical
and contradictory. Even the problem of the position of the primcipal
reference deep geophysical boundaries -~ the lMohorovicic surface -- was
until recently the subject of sharp discussion,

The seismic operations by the deep seismic sounding method in the spot
(differential) seismic sounding version in the Baykal region have been
conducted since 1968 by the Eastern Geophysics Trust and the IGiG Imstitute
of the Siberian Department of the USSR Academy of Sclences, The goal of

of the first (recognition) phase of these operations was a study of the
large-scale features of the structure of the earth's crust and the top

of the mantle within the limits of the entire rift zone and in the regions
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of the Siberian platform, Transbaykal and eastern Sayan adjacent and not
touched by riftogenesis. At the present time studies have been made over
an area of 400,000 km? with a total extent of the seismic traverses of
4000 km basically in the central part of the zome (Fig 96). In additionm,
area seismic soundings have been made to study the spatial structure of
the mantle surface, including under the Baykal Lake. The materials on the
seismology of earthquakes [49] have been used which permit an increase in
depth of study of the top of the mantle. The study of the flank regions
of the rfit zone has been started, including the region of construction of
the Baykal-Amur railroad. In spite of the imperfection of the work that
has been done (recently work has been done in both flanks of the zone),
the degree to which the deep structures of the Baykal zone have been
studied at the present time by the deep seismic sounding method is the
ereatest by comparison with other (foreign) continental riftogenesis zones.

Peculiarities of the Operations Technique

When planning the operations in the Baykal region, the following circum-
stances were kept in mind.

1. The riftogenesis was caused by deep mantle processes; therefore it was
- important to obtain the most information possible about the structure and
properties of the tops of the mantle,

2. The complex deep structure characteristic of the rifts cannot always be
reliably approximated by the two-dimensional seismic models even in the

) regional investigation stage., Therefore along with the ordinary traverse

_ observations in the most complex sections of the Baykal rift, area sounding::
systems were used.

3. For the rift zones not only the complex configuration of the deep
structures, but also anomalous physical condition of the deep material
are characteristic. Therefore special attention was given to the study
of the seismic velocities in the medium with discovery of the waveguide
layers and mapping of the velocity anomalies with respect to area.

In order to detect clear, stable waves which are suitable for discrete
corelation, initially observations were made on the piecewise-continuous
parametric profiles (in the southern part of the Siberian platform and in
the Baykal folded region). In both sections observations were made for
one oscillation source obtaining hodographs to distances of about 200 km.
By the results of studying the wave picture, two sounding systems were
given: the first (distances between the source and the receiver 40-70 km)
was used to record the reflected and the refracted waves from the intra-
crustal boundaries every 20-25 km of profile; the second was designed for
recording the waves from the Mohorovicic discontinuity with sounding
centers every 20-50 km,

241

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

Key:

U1 B W N

FOR OFFICIAL USE ONLY

2003 5 - € ghenck (1)
‘ wl
85" —
40 ~
4 2y = TT”
LIIT """ . 1
+ : o (3)
| 60panE0
50xM / m |
/ °°°° °._- 0 nloo O
— o
co0o0 g é.ﬁ P
4 S50°
&
) & ¢
; kS
. | W X
gl
¥ 1\
(6) | >
o IR : Im
L4 5 < q )
0 09° YMH-YA
°°° W ° (7) 3 13
o .200/:41 S8 II_;J:: 1

Figure 96. Diagram of the surface structure of the mantle in
the Baykal region.

1 -~ depth scale to the M boundary; 2 -- boundary of the region

with anomalously low velocity on the surface of the mantle.

The values of the boundary velocity with respect to the surface

of the mantle in individual sections are written out; 3 -- the

outline of the rift zone according to the geological data;

4 -~ the deep seismic sounding traverses. The figures in circles

denote the seismic sections presented in Figures 97-98,
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In all of the traverses the waves from the Mohorovicic discontinuity

(M) differ insignificantly with respect to kinematic and dynamic
characteristics. On the sounding seismograms with 180-250 km bases the
former records the refracted waves, and every 0.5-2.0 seconds, the
transcritical reflection. The mean values of the apparent velocities of
these waves are 7.6-8.2 and 6.5-7,0 km/sec respectively. By comparison
with the refracted wave, the reflected wave is characterized by values
of the amplitude increased by 5-10 times and clearly reduced visible
oscillation frequencies,

The waves from the intracrustal boundaries in the sections of the Siberian
platform and Baykal folded reglon differ significantly. Within the limits
of the Siberian platform at distances of 20-80 km from the source in the
first arrivals the refracted wave is recorded from the surface of the
crystalline basement. For this wave, low intensity, and apparent velocity
of 6-7 km/sec are characteristic. For distances of 40-70 km in the subse-
quent part of the seismograms reflected waves from the deeper boundaries
in the earth's crust are isolated. The waves have increased in intensity
and large values of the apparent velocities (7-8 km/sec). 1In the Baykal
folded region the first waves with respect to arrival time at distances of
20-100 km from the source correspond to the refracted wave penetrating to
a depth of up to 10 km. The waves in the first arrivals here are more
intense, and the reflections from the intracrustal boundaries are less
clear than in the Siberian platform.

When determining the velocity parameters, special attention was turned to
discovery of the variations of the boundary and the mean velocities along
the traverses by the recordings of waves from the M discontinuity.

Initially the mean velocities were determined in the earth's crust by the
reflections from this boundary. The distribution of the boundary velocities
on the surface of the mantle was found by two procedures: by the refracted
wave field and with joint use of the reflected and refracted waves from the
M boundary.

The convergence of the values obtained for the depths and the velocities
at near points, and the theoretical calculations permit estimation of the
error in a single determination of the velocity at 0,1-0.15 km/sec.

When determining the depths to the M boundary preference is given to the
reflected wave data. The accuracy of the constructions is estimated at
0.3 km for the surface of the basement and 1-2 km for deeper boundaries,
including the M surface.

Let us discuss some peculiarities of the procedure connected with the study
of the specific characteristics of the deep structures of the rift zone.

It appeared extraordinarily important to solve the problem of the existence
of the waveguide layers in the earth's crust. For this purpose use was
made of the recordings of refracted and reflected waves considering the
distorting effect of the horizontal nonuniformities of the medium. In the

243

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200020008-9

FOR OFFICIAL USE ONLY

specially geologlcally homogeneous sections, sounding profiles were
made, the bases of which varied relatively uniformly with a step size of
10-20 km in the range of 10-200 km, The soundings with minimum bases
made it possible to control the effect of the nonuniformitiles of the
upper part of the section. With respect to the time field of the first
(refracted) waves, the function t(z)x=const was obtained, which is an
analog of the hodograph of the common depth point known in seismic
exploration. This function, which is influenced by the deep horizontal
nonuniformities in attenuated form was used for finding the dependence of
the true velocity on depth [73]. 1In order to estimate the velocity in
the waveguide layer, recordings of reflected waves from the boundaries
in the middle part of the crust were used. The results obtained were
controlled by solving the direct kinematic problem.

The structure of the M boundary under the Baykal depression is highly com-
plex, sharply variable both across and along the strike of the rift. The
transition necessary under such conditions to the area study -of the M
boundary was realized by the scheme illustrated in Fig 39. This system
of soundings made it possible to obtain data on the area distribution of
the boundary velocity on the surface of the mantle and the mean velocity
in the entire body of the earth's crust. The depths to the M boundary
are determined at almost 50 points over a significant part of the lake
and its shores, The analogous area observations were made on the flanks
of the rift zone. The high effectiveness of the area observations was
achieved as a result of mass application of the portable Tayga equipment
transport on helicopters.

: The first operations by the deep seismic sounding method in the vicinity
j of the Baykal rift established the anomalously low values of the boundary
velocity on the surface of the mantle. Accordingly, the problem arose

of increasing the depth of the studies to determine the thickness of the
layer with anomalously low velocity and discover its relation to the
asthenospheric mantle layer of Gutenberg characterized by almost the same
values of the longitudinal wave velocities, As a result of limited power
of the artificial oscillation sources used during deep seismic sounding,
the recording range achieved in the Baykal region was insufficient for
reliable solution of the indicated problems using refracted waves.
Accordingly, a joint interpretation was made of the seismic recordings

of the blasts and local earthquakes [49], The hodographs of the first
waves from 20 sufficiently powerful earthquakes recorded on a network of
| stationary and portable stations with epicentral spacings of 200-1000 km
by matching with the available deep seismic sounding data were reduced

to the surface source conditions, A statistical determination was made
of the times, Then, by the set of deep seismic sounding data and
seismology, an average reduced hodograph was compiled up to 1000 km in
length, which was used to estimate the seismic parameters of the upper
part of the mantle 1n the rift zone, The penetration of the waves into
the body of the mantle by several tens of kilometers is insured in this
way.
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Results of the Studies

Let us characterize the principal peculiarities of the regional structure
of the earth's crust and the tops of the mantle discovered by deep
seismic studies in the rift zone and in adjacent sections of the Siberian

platform and the Baykal folded region,

The area and traverse observations were used to study the basic features

of the distribution of the thickness of the earth's

crust within the

rift zone and also in adjacent regions not subjected to riftogenesis.

In the summary diagram of the M surface (see Fig 95) compiled with respect
to the entire set of data obtained, it is established that in the central
part of the Baykal rift the thickness of the earth's crust varies within
appreciably larger limits than in the adjacent inactive regions. The
ranges of variation of the depths are as follows: 34-48 km in the rift

zone, 37-39 km in the southern part of the Siberian
in the regions of Transbaykal adjacent to the rift.

platform and 39-41 km
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Significant differences noted in the thickness of the crust under the
southwestern (the deeper water) and northeastern parts of Lake Baykal:
34-36 and 40-44 km respectively, The articulation of these sharply
differing blocks takes place near the island of Ol'khon and the Svyatoy
Nos Peninsula where probably there is a large abyssal fracture zone which
is transverse with respect to the rift. The indicated differences in

the thickness of the earth's crust are traced not only under Baykal itself,
but also along its southeastern shore (Fig 97).

- The structure of the mantle surface is different also in different trans-
verse cross sections of the rift (Fig 98).

In the extreme northern cross section (section 3 in Fig 98) the M boundary

= occurs approximately on the same level (41-43 km) under the eastern
extreme edge of the Baykal basin, the Barguzinskaya basin and the
Barguzinskiy ridge separating them,

Cross section 4 runs in the region of articulation of the northern and
southern basin* of Baykal, The M surface forms a deep trough here which
in its central part is complicated by a sharp uplift, that is, there is

a type of combination of opposite structural forms -- "root" and "anti-
root" -- with highly contrasting variation in thickness of the crust within
the range from 35 to 44 km,

Two cross sections (5 and 6, Fig 98) through the southern Baykal basin

in the vicinity of the island of Ol'khon and the Selenga River delta have
theoretically similar, but contrast-wise different form of the M boundary.
In both cross sections under the northwestern side of the Baykal basin
where the Obruchevskiy fault runs, a scarplike uplift of this boundary

by 3~6 km in the direction of the lake 1s noted.

Thus, the data obtained by the deep seismic sounding method on the
morphology of the M boundary characterized as the highly complex, sharply
variable surface not only across, but also along the strike of the rift.
The Baykal rift does not correspond with respect to this surface to any
single structural form in the form of the previously proposed '"root" or
"antiroot." The discrepancies with the earlier schematics with respect

to the thickness of the earth's crust and its gradients reach large values.

The peculiarities of the internal structure of the earth's crust in the
Baykal region must be considered to include the differences in the degree
aof its stratification with respect to elastic nroperties and the different
sections and the velocity inversion with respect to depth,

The regular seismic layering with several clear horizontal boundaries has
been established in the earth's crust in the southern part of the Siberian
platform in the vicinity of the city of Chita. In the remaining territory,
including the rift zone and the reglons of Transbaykal adjacent to it,
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Figure 98. Seismic sections across the strike of the Baykal
rift (the velocities are given in km/sec). The provisional
notation is the same as inFig 97.

Key:
1. Lake Baykal
2, Barguzinskiy ridge
3. Barguzinskaya basin
4, 01'khon Island

the intracrustal seismic boundaries can be continuously traced only in
individual short sections of the traverses.

The problem of the existence of the waveguide layers in the earth's crust
is extremely important inasmuch as under the defined conditions these
layers can correspond to sections of the medium with increased plasticity
having high significance for the analysis of the deep geodynamic conditions
and distribution of the earthquake centers. Accordingly, in three sec-
tions (on the southeast shore of Baykal and also 150 km south of it and

- along the Tunkinskaya basin) special observations were made of the
refracted and reflected waves considering the effect of the horizontal
inhomogeneities of the medium.

In all of the sections, in practice identical results were obtained: a
seismic waveguide was discovered in the depth range of 12-17 km with a
decrease in the velocity by 0,2-~0,3 km/sec with respect to the surrounding
medium. The relation of the discovered seismic waveguide to the

- distribution of the other geophysical characteristics established by the

data from the magnetotelluric soundings, seismology and magnetometry

has been noted. The layer with reduced seismic wave velocity is made

up in all probability of rock with high electrical conductivity, and
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the basic mass of the magnetically active bodies and the earthquake
centers 1s located above this layer. Possibly the overall reason for
this is increased heating and partial fusion of the deep material.

The section of the upper mantle in the Baykal zone made up from the
seismology data on blasts and earthquakes is characterized by the follow-
ing peculiarities of the velocity distribution of the longitudinal

waves vertically (Fig 99).

The section of the mantle begins with the layer with anomalously low
velocity of 7.6 to 7.8 km/sec. The vertical velocity gradient in the
upper part of this layer estimated by the ratio of the amplitudes of the
reflected and refracted waves from the M boundary [58] will be 0,003 to
0.005 sec~l, which is insufficient for a smooth transition to the normal
values of the velocity at great depths. The lower boundary of the layer
with reduced velocity was found by the summary 1000-kilometer hodograph
of the first waves from the blasts and the earthquakes [49], On this
hodograph at a distance of about 350 km from the source exchange takes
place of the refracted mantle waves with velocities of 7.7 and 8.1 km/sec.
The thickness of the layer with a velocity of 7,7 km/sec was found to be
equal on the average to 17 km, the depths to its upper and lower edges
are 38 and 55 km. On the eastern flank of the rift the thickness of the
anomalous layer is estimated by the deep seilsmic sounding data and it is
about 8 km [77].

Although the parameters obtained for the anomalous layer of the upper
mantle are averaged for a large section of the Baykal rift zone, they
have theoretical significancefor the discovery of its deep structure.

It has been established that the anomalous layer is disconnected from the
asthenospheric Gutenberg channel, where the velocities are approximately
the same, and the depth to its upper edge in the investigated region is
approximately 100 km according to the seismological data [4]. The rela-
tion to the asthenospheric channel can be assumed only in the form of a
narrow vertical connecting strip most probably located under Baykal and
then in a strip of intensive Baykal~Vitim gravitational minima.

The region of propagation of the layer with anomalously low velocitg has
been mapped at the present time over an enormous area of 200,000 km

(see Fig 96, 100). Beyond the limits of this region the velocity on the
surface of the mantle has normal values of 8.1<8.2 km/sec, increasing to
8.6 km/sec in the vicinity of Lensk. The boundaries of the anomalous
reglon occupy an intersecting position with respect to the ancient
geological structures, although they are controlled in a number of sections
by the deep seams known by the geological data, The reglon of the
anomalous mantle is 2 to 3 times broader than the Baykal rift zome itself
which has been mapped by the surface geological attributes and the
seismicity distribution. The central section of the rift zone (the Baykal
basin) is located under the northwestern edge, and the eastern flank of the
zone, above the central part of the anomalous mantle region,
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Figure 99. Velocity columms for Baykal and other continental
rifts.
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Comparison with Other Continental Rift Zones

The purpose of comparing the results of the seismic studies of the deep
structures of the Baykal region with the corresponding data with respect
to other zones of the continental riftogenesis is discovery of the

common features of their deep structure commected with the latest tectonic
' activity.
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When comparing the data on the earth's crust, let us consider only its
general characteristics, the determination of which is influenced to a
low degree by the differences in the selsmic investigation procedures in
the various reglons. Some decrease in thickness of the earth's crust
noted under the Rhine graben and in the North American province of basins
and ridges probably is not common to all continental rift zones. In

the Baykal zone thls effect is not sufficilently clearly manifested.

For continental rifts, in all probability, the intracrustal selsmic wave
guldes are typical which can be caused by increased heating of the deep
material. In addition to the Baykal zone, the existence of waveguides
in the earth's crust is noted under the Rhine graben and in the western
part of North America.

Tn a number of sections of the world rift system (Iceland, the axial graben
of the Red Sea) high velocities (6.5-7.0 km/sec) were discovered in the
upper part of the earth's crust explained by the introduction of deep rock,
For the intracontinental rifts a similar phenomenon has not been estab-
lished. The velocities in the crust, as a rule, differ little here from
the value in the adjacent inactive sections.

For the objective comparison of the seismic characteristics of the upper
mantle, just as for the Baykal region, summary hodographs of the first
mantle waves from the blasts (chemical and nuclear) and local earthquakes
recorded at great distances from the sources of oscillations in the reglons
of East Africa, the North American basin and ridge province and the Rhine
graben were compiled [57] by the data published for the first time. The
summary hodographs of the first waves for all regioms are surprisingly
similar in their primary features. In all cases, beginning with distances
of 120-180 km from the oscillation source, the refracted wave was recorded
first with a velocity of about 7.7 km/sec. The extent of the region of
its recording in the first arrivals is 100-300 km, Then comes a break in
the hodograph, and the wave with a velocity of 8-8.2 km/sec arrives first.
The reality of the noted peculiarities in the hodographs is unquestioned,
although their quantitative characteristics must be more precisely
determined by more representative experimental data.

From the similarity of the hodographs we have similarity of the primary
features of the velocity distribution of elastic waves in all of the
investigated continental riftogenesis zones (see Fig 99)., In the upper-
most part of the mantle there is a layer everywhere with anomalously low
velocity equal approximately to 7.7 km/sec, The average thicknesses of
this layer in the various regions are 15-30 km, The velocity in the
anomalous layer and the mantle waveguide of Gutenberg are almost identical,
but these objects are not geometrically a united whole, for they are
separated by a series of rock with a velocity of 8-8,2 km/sec.

Thus, as a result of comparing the Baykal rift with sections of other
continental zones of modern riftogenesis studied by seismic methods, their
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theoretical similarity is established with respect to certain characteris-
tics of the seismic section of the earth's crust and especially the

upper mantle to the Gutenberg wavegulde, The common characteristics of
the continental rifts, in addition to the previously known reduction of
velocity in the uppermost part of the mantle, should include the fact

that the layer with anomalously low velocity is not very thick and can be
in communication with the asthenospheric Gutenberg waveguide only in

local sectionms.,

Nature of the Layer with Anomalously Velocity in the Rift Zones

Under all of the ocean and continental rift systems investigated by the
method of blast seismology, a thick layer (to several tens of kilometers)
with anomalous velocities of the longitudinal waves equal in the majority
of cases to 7.3-7.8 km/sec and not typical of either the crust or the
tops of the mantle is discovered. For the rift of the midoceanic ridges
and Iceland basically values of 7.0~7.6 km/sec are characteristic. In the
continental zones (Baykal, East Africa, Rhine, North American basin and
ridge province), as has already been noted above, obviously higher values
- predominate (7.6-7.8 km/sec). The anomalous layer is underlain with rock
with normal velocity of 8.1-8.2 km/sec for the top of the mantle.

The nroblem of-the,physiéal nature of the anomalous seismic layer can be
formulated as follows: is it a part of the mantle, the earth's crust or
does it correspond to an intermediate crust-mantle series? There is no
united opinion on this subject, for seismic data alone are insufficient
for a solution of the problem, and this leads to various interpretations
of the results of blast seismology regarding the subsurface structure of
the riftogenesis zones. In particular, in these zomes the position of
the global geophysical discontinuity -- the M boundary ~~ is determined
fiferently.

A more defined determination of the probable nature of the anomalous layer
can be made by joint investigation of the most widespread properties

of the medium in subsurface geophysics —- the seismic wave velocity,
density and specific electrical resistance. Using these properties, it

is possible to compile three-parameter, geophysical models corresponding
to the competing hypotheses regarding the nature of the anomalous layer
and to compare them with the geophysical data in specific regionms. Let

us consider the following basic hypotheses.

1. The heating of the upper mantle material. The high values of the
thermal flux in the rift zones indicate increased heating of their deep
structures, Therefore a reduction in the velocity in the tops of the

mantle as a result of weakening of the intercrystalline bond when heating
the deep material 1s possible.
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2. Partial melting of the upper mantle material, When the temperature
reaches 1100 to 1200°C at the depths of occurrence of the anomalous
seismic layer, melting of the basaltic component of the rock in the
upper mantle is possible with a corresponding decrease in the velocities
in them.

3. The serpentinization of the ultrabasic rock. This process, which is
possible at a temperature below 500°C, was proposed by H, Hess as an
explanation for the formation of the ocean crust. With a relatively
low degree of serpentinization, velocitles can be obtained which are
observed in the anomalous layer,

4. The partial eclogitizationof the "basaltic" layer, At the bottom of
the continental crust thermodynamic conditions for phase conversion of
gabbro to eclogiteare possible. The "basite-eclogite" layer formed under
these conditions has "crustal-mantle" seismic wave velocities.

5. The crustal-mantle mixture is a hypothetical formation, which is the
result of shifting of the mantle rock and the "basaltic" layer proposed
by K. L. Cook to explain the reduced velocities in the tops of the
mantle in tectonically active regions.

The hypotheses are divided into three groups: the first two (heating and
partial melting) put the anomalous seismic layer in the mantle; the third
and fourth (serpentinization and eclogitization) put the anomalous
seismic layer in the crust; the hypothesis of a crustal-mantle mixture
puts them in the transition region. . Correspondingly, the position of
the M boundary is interpreted differently.

The physical model of the anomalous layer corresponding to the hypothesis
of heating of the upper mantle material was presented in the form of a
single-component solid medium having the properties of olivinite. The
model of the partially molten metal was simulated by a two-phase medium
in which liquid basalt is found in the solid olivinite skeleton; a study
is made of the cases of different degree of binding of the liquid inclu-
sions. The models of the crustal-mantle mixture, eclogitization and
serpentinization were represented as two-component solid mixtures made

up of gabbro and olivinite, gabbro and eclogite, serpentine and peridotite,
respectively,By varying the temperature (in the single-component model)
and the ratio of the volumes of the components (in the two-component
media), pair relations were calculated for each model for the three

! parameters: velocity~density, velocity~electrical resistance and

; density~electrical resistance, The calculation procedures and the assumed
| initial data are discussed in reference [46],
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Figure 101. Schematic explaining the proposed process of
the formation of the Baykal rift
Key:
1. Lake Baykal
2. Crust
3. Anomalous layer
4, Normal mantle
5. Asthenosphere

The investigation of the three-parameter geophysical models of the anomalous
layer presented in the form of the indicated relations obtained here
indicates that they permit three possible proposals regarding its physical

" nature to be distinguished: heating of the upper mantle material, partial
fusion of this material and an unresolved group of solid mixtures (crustal-
mantle, basite-eclogite, serpentine-peridotite). Consequently, it is
possible to determine whether the anomalous layer is part of the mantle
or not. However it is impossible to separate the assumption of its
"ecrustal” and "crustal-mantle" adherence.

By the results of blast seismology, gravimetry and magnetotelluric sounding
for a number of rifts (Baykal, Kenya, Iceland, the basin and ridge
province), estimates are known for the velocities, the density and the
electrical resistance of the anomalous layer. On comparing these.data
with the theoretical curves for the indicated parameters the.following is
established. Only the curves corresponding to the hypotheses of partial
fusion and heating of the upper mantle material go into or close to the
probable values of the physical parameters of the anomalous layer. Conse-
quently, only these hypotheses can be taken as probable, and the hypotheses
of the crustal-mantle mixture, eclogitization and serpentinization are
unsuitable for explanation of the nature of the anomalous seismic layer in
the investigated rift zomes, For the western parts of the United States
the heating and partial fusion of the upper mantle material are equally
probable, In the regions of the Icelandic, Kenya and Baykal rifts, the
hypothesis of partial fusion of the top of the mantle is preferable. Here
the volumetric proportion of the molten basalt does not exceed 5-107.

Consequently, by the set of geophysical parameters (velocity, density,
electrical resistance) the M boundary in the rift zone corresponds to the
roof of the anomalous seismic layer, which in all probability, is compli-
cated by the partially molten rock of the upper mantle,
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Considering the data discussed above on the peculiarities of the subsurface
structure of the continental rift zones and the nature of the anomalous
properties of the upper mantle material it 1s possible to put together

a general concept of the probable causes of the formation of the Baykal
rift (see Fig 101). The uplift of the heated and partially molten plastic
material of the asthenospheric layer took place along a weakened zomne to
the edge of the Siberian platform., The spread of this material at the foot
of the earth's crust with the corresponding effect on the country rock was
directed away from the stable crustal-mantle blocks of the ancient

Siberian platform, playing the role of a type of support. The introduced
material of the asthenosphere in the form of a layer with a velocity of
7.6-7.8 km/sec caused the formation of a broad gently sloping uplift of

the earth's crust -~ the regional Baykal arch. The horizontal spread of
this material in the southeasterly direction created tensile stresses in
the earth's crust which became the cause of the formation of asymmetric
(with steep northwestern sides) grabems of -the Baykal rift zome in the
previously nonuniform and disturbed sections near the edge of the Siberian
platform. ®

§5. Studies in Foreign Areas

In addition to studying the Siberian regions the spot sounding procedure
was used for the first deep seismic sounding operations in two parts of
Antarctica. It was also used for interpretation of the materlals from
blast seismology obtained by the American geophysicists when studying the
earth's crust of the Canadian shield in the vicinity of Verkhniy.

Deep Seismic Studies in Antarctica

Soviet geophysicists have the priority in seismic sounding of the earth's
crust .to its entire thickness on the Antarctic continent, The success
of this work, which up to now has been the only work on the sixth
continent, was promoted to a significant degree by the use of the spot
seismic sounding method and the experience in studying inaccessible
regions of Siberia,

The work was done during the research by the l4th and the 18th Soviet
Antarctic expeditions. 1In 1969 the group of coworkers of the Scientific
Research Institute of Geology of the Arctic headed by A, L. Kogan per-
formed studies in the eastern Antarctic on the coast of Queen Maud

Land [40]., The spot soundings were performed with standard seismic
prospecting equipment, In 1963 the Scientific Research Institute of
Geology in the Arctic, the Institute of Geology and Geophysics of the
Siberian Department of the USSR Academy of Sciences and the Eastern
Geophysical Trust investigated the Amery Ice Shelf [41] (Fig 102).

A study 1is made below in the second of the regions where the possibilities
of the spot sounding procedure with the Tayga system has been realized
to the full extent.
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This region is located within the epiproterozoic Antarctic platform.

The deep seismic sounding traverse intersects the Principal tectonic
structure of the region -~ the gigantic graben filled with the Lambert
Glacier and the Amery Ice Shelf making up the largest reserve glacier in
the world. On both sides of the graben, metamorphic and ultrametamorphic
rock of granulitic facies were detected which belong to the Archean
crystalline basenent of the platform. The sedimentary deposits making up
the Upper Paleozoic mantle of the platform emerge from under the ice cover
only in individual sections, 1In the platform basement numerous intrusions
of gabbroids and granitoids of different ages are noted, and in the deposits
of the mantle rare sills of alkaline-ultrabasic rock of Mesozoic Age are
encountered.
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Figure 102. Diagram of the deep seismic sounding traverses
in the eastern Antarctica
1 — Antarctic stations; 2 ~- deep seismic sounding traverses
Key:
Novolazarevskaya station (USSR) 9. Mirnyy (USSR)
Sova (Japan) 10. 1Indian Ocean
Molodezhnaya station (USSR)
Kerguelen Islands
Mawson station (Australia)
Amery Ice Shelf
Lambert Glacier
Davis (Australia)
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Figure 103. Seismic section of the earth's crust in the coastal
region of Eastern Antarctica

1 and 2 -~ depths according to the reflected and refracted wave
data; 3 -- velocity isolines according to the refracted wave data
(the velocities are given in km/sec); 4 -~ zones of proposed
abyssal fractures; 5 -- bottom of the ice
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Characteristic Features of the Procedure. In order to record the elastic
waves, 12 Tayga recorders were used simultaneously. The recorders were
adjusted to operate at low temperature. They were placed in special
thermostats with internal heating maintaining an invariant temperature of
about 0°C for 2-3 days.

The equipment was remotely controlled from an aircraft and helicopter,
where the 150 watt radio transmitter was placed insuring reliable remote
switching within a radius of no less than 250-300 km,

The oscillations were introduced by detonating scattered charges weighing
a total of 1-2,5 tons in lakes 60-~100 meters deep.

The seismic observation systems used were similar to those used for opera-
tions in Siberia., In the first phase of the investigations, parametric
plecewise~continuous observations were made in the distance range of

0-220 km from the source, These obgervations made it possible to study
the wave picture in the new region and substantlate the subsequent
sounding systems, the bases of which were selected equal to 40-60 km to
study the intracrustal boundaries and 160-~220 km, to study the surface of
the mantle by reflected and refracted waves, The recordings of the
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subsurface waves characterized in detail in reference [41] do not differ
significantly from the standard recordings in the continental regions.

The baslc sounding traverse about 600 km long intersected the Amery Ice
Shelf, along which an additional traverse was rum.

The results of the investigations are presented in the section (Fig 103)
cutting across the geomorphological elements: the Prince Charles
Mountains, the Amery Ice Shelf under which there is an extended graben,
and Ingrid Christensen Coast.,

In the seismic section it is possible quite clearly to distinguish three
block sections, within which the earth's crust is characterized by welded
constancy of the mean and boundary velocities, thicknesses between
individual intracrustal horizons and depth to the lfohorovicic discontinuity.
On the surface these blocks coincide with the enumerated geomorphological
elements. At the boundaries of the blocks a sharp change takes place in
the thicknesses of the layers of the individual seismic boundaries, the
total thickness of the earth's crust and the velocities, that is, the
articulation of the blocks takes place along abyssal fracture zones
within which there are sharp variations of the seismic characteristics

of the earth's crust. The structure of the earth's crust in the blocks
appears to be as follows.

Prince Charles Mountains Block. The total thickness of the earth's crust
here is 29-31 km. Thickening of the earth's crust in the southeasterly
direction is noted with respect to a relatively small number of observa-
tions. The boundary velocity at the Mohorovicic surface is 7.6-7.8 kmfsec.
The mean velocity in the entire thickness of the earth's crust is 6.1-

6.2 km/sec.

Amery Ice Shelf Block. This block is characterized by sharp thinning of
the earth's crust. The depth to the Mohorovicic discontinuity decreases
to 22-24 km, With respect to.thickness the earth's crust occupies an
intermediate position between the continental and oceanic types of crust.
The western contact of the block along the Mohorovicic boundary probably
appears not as a smooth uplift of this boundary, but in the form of a
sharp scarp with an amplitude of 7-9 km. In the northeasterly direction
‘the thickness of the earth's crust increases to 30 km. The submersion
of the Mohorovicic discontinuity obviously takes place in a series of
scarps. The mean velocity with respect to the entire earth's crust is
6,0-6.1 km/sec, The boundary velocity on the surface of the mantle is
7.6-7.8 km/sec. As a result of the compressed times for the field opera-
tions it did not appear possible to study the internal structure of the
crust in the central part of the block. The refracting horizon I was
traced on the northwestern boundary of the block at depths of 7-8 km,

The problem of the nature of this horizon still remains unexplained. One
of the probable propositions must be considered to be absence in this
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section of a thick series of high~velocity sedimentary rock, which is
- confirmed by the geological survey data.

Ingrid Christensen Coast Block. This block has a crust thickness of 30-32
km. The mean velocity in the crust is 6,0 to 6.1 km/sec. The
ifohorovicic boundary was studied here only by the reflected wave dataj -
therefore there is no information about the boundary velocity. Imn the
upper part of the crust the refracting boundary I is submerged to a depth
d of 4-5 km. The reflecting boundary II constructed with mean velocity of
5.8-5.9 km/sec is located at depths of 20-22 km and is uplifted in’'the
direction of the Amery Ice Shelf.

The performed studies demonstrated the possibility of the successful use
of the spot seismic sounding procedure to study the layered-block struc-
- ture of the earth's crust under the severe specific conditioms in
Antractica. The experience gained is important for planning subsequent
deep seismic sounding operations in the coastal and internal reglons of
this little-investigated continent and also when studying Arctic regioms. -

Interpretation of the Materials Obtained in the Vicinity of Verkhnly Lake

In this part of the ancient Canadian shield American geophysicists have
performed spot seismic observations using a demse network and obtaining
a system of extended hodographs [147]. By the wave hodographs in the
first arrivals a number of researchers [139, 144, 146] have constructed
several versions of the seismic section of the earth's crust with two
refracting boundaries. One of them occurs at depths of 5-10 km, and the
second corresponds to the M surface (Fig 104). We performed a second
interpretation of the seismic materials obtained here by the spot sounding
d procedure to compare their possibilities with the methods used by the
= foreign researchers.

The initial data for the interpretation were the time tables of the first
arrivals published in reference [147]. From the entire set of data, the
times of arrival of the waves at distances of 250-300"and 50-100 km

_ were selected. The fields t(x, %) were congtructed by them for the
refracted waves corresponding to the Mohorovicic discontinuity and the
upper refracting boundaorv. Using the method of recalculating the field

: with a decrease in bases (Chapter II, §2), isolines were calculated with
bases close to the x-axis of the initial point of corresponding waves.
The latter made it possible to find the boundary velocity distribution
and depth distribution without resorting to rigld assumptions regarding
the model of the medium, The boundary velocities for the upper boundary
were found by the lines £=0 and £=50 km; the depths to it were determined
by the line #=50 km, The Mohorovicle discontinuity was constructed by

2 the line 2=100 km, and the boundary velocity (3,1 km/sec) was calculated -

by the lines =100 and 150 km, The seismic section (see Fig 109) i1s not

inferior with respect to completeness of information about the structure

of the crust to the sections obtained by the other researchers, although

no more than 5 to 10% of the total number of observations were used for

its construction.
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Figure 104. Comparison of the section of the earth's crust in
the vicinity of Verkhniy Lake (the Canadian shield) obtained by
- the spot sounding procedure (1, 1', with the results of
Berry, et al. [139] (2), Smith, et al. [146] (3) and
O'Brien [144] (4). 1 -- the boundary was constructed with
constant mean velocities; 1' -~ the same with variable velocity
(see the graph v in the upper part of the figure). Vboundary
is the boundary velocity for the upper boundary according to
the spot sounding data.

Key:
1. v, km/sec

The construction by, the sounding procedure, especially at the M boundary
diverge with certaﬁ-}ﬁversioms of the sections published by American
geophysicists (Fig 104), The divergences are most significant with the
results of the "travel time" method [139, 146], based on a number of

i simplifying assumptions about the model of the medium. This method was

- used to obtain very sharp variations in thickness of the earth's crust --
from 24 to 60 km -- which does not agree with the relatively little
disturbed field of gravitational anomalies in the investigated region
(0-40 mgl, according to the data of [149]). The best agreement of the

section, according to thggsounding data, is noted with the O'Brien
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version [144] obtained by a quite correct method which 1is similar with

respect to Tts basis to the method of conjugate points of the head
wave.

The investipated example indicates that the spot sounding procedures
using special time fields is expediently used for interpretation of the
blast seismology data along with the methods based on using systems

of hodographs, especially in cases where these systems are inadequate
for proper realization of the strict methods.
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CONCLUSIONS

The main results of this paper are the following: theoretical and
experimental substantiaion of a special procedure for performing regional
seismic studies of the earth's crust and the top of the mantle in
inaccessible regions; the creation of an original design of equipment

for recording oscillations of the soil and subsequent processing of the
information; obtaining the new data about the subsurface structure of
Siberia on the regional level required for mineral prospecting.

About the Procedure

1. The expediency of the step execution of the renional seismic studies

of all types (including the study of the folded basement, the deep zomnes

of the earth's crust and the upper part of the mantle) with subsequent
transition from the reconnaissance prospecting (low-detail) operations

over broad territories to the high-detall operations in the sections of
greatest interest is demonstrated. The problem of the reconnaissance
prospecting phase is the study of the three-diménsional deep layered-

block structure and distribution of the seismic velocities in the medium
with details sufficient for characterization of the regional geological
structures and discovery of the nature of the large-scale anomalies of

the natural geophysical fields. The procedure of reconnaissance prospect-
ing operations must insure express traveérse—area study of broad territories,
including inaccessible territories; the required accuracy and quality
composition of the information must be obtained not as a result of compli-
cation of the observation systems, but by joint use of the waves of various -
types from the seismic reference boundaries,

2. The theory of the seismic soundings initially created for the
refracted waves on the basis of the traditional hodographic approach was
developed for certain monotypic waves (reflected, head, refracted) and
arbitrary traverse and area observation systems used in inaccessible
areas. The theory of the special two~dimensional and three-dimensional
time fields which are a generalization of the concept of the seismic
hodograph to the case of an arbitrary system of sources and receivers
was created, which has great significance for the further development of
the methods of seismic prospecting of any detail. The discrete correla-
tion of reference seismic waves recorded in the sounding system was
substantiated. : '
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3. The procedure was proposed and developed in practice for field

operations in the versions for profile (traverse) and area seilsmic sound-

ing systems. These systems, made up of elementary soundings (the oscilla-

tion source and compact linear or area recelver), are effectively realized
- under complex surface conditions using river and air transportation.

The seismic oscillations are induced by group blasts in bodies of water

or large (to 1000 individual charges) groups of boreholes about 1 meter

deep. The methods of determining the density of the seilsmic observations

for the solution of the specific problems are substantiated.

4. The procedures were developed for interpretation of the experimental
ddata for reflected, head and refracted waves, including the joint use of
waves of different types from the same boundary, The discrete correlation
procedures for the reference waves based on the a priori data and data
obtained during the course of the operations on the wave field, the geo-
metric and physical properties of the medium are substantiated; the
process of wave identification was formalized, obtaining quantitative
estimates of its reliability. The methods of solving the inverse problems
using time fields have been developed both for simple models of the media
with local-plane boundary and for more complex models: multilayered media
with curvilinear boundaries, media with sharp surface inhomogeneities,
with horizontal and vertical velocity gradients. The proposed methods
permit sufficiently proper (for the problems in the reconnaissance pros-
pecting phase) interpretation of the experimental data, obtaining informa-
tion both about the configuration of the seismic boundaries and the veloc-
ity distribution of the elastic waves in the medium,

5. An objective estimate of the reliability and accuracy of the results
of the spot sounding procedure was obtained by comparison with the deep
drilling and continuous seismic prospecting data under various geological
conditions -- from the areas of the ancient shields and platforms to the
sections with Alpine age of the folding. The comparison demonstrated that
in the results of the sounding procedure significant surface structures

of the basement and the Mohorovicic discontinuity are correctly depicted
for the reconnaissance prospecting phase of the operations and also basic
characteristics of the velocity distribution in the earth's crust. The
depths to the basement surface are determined with accuracy of approx-
imately 100 meters (under the conditions of the Western Siberian platform);
the accuracy of the constructions with respect to the deeper boundary,
including the M surface, 1s about 2 km; the errors in the velocities
usually do not exceed 0.2 km/sec.

About the Equipment

1. The requirements on the equipment for regional seismic studies in
inaccessible areas are substantiated, the basic ones of which are as
follows: high portability and reliability.with small size and weight;
broad dynamic and frequency ranges; reliable time coordination of the
blasts and seismic information on a large number of scattered autonomous
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recorders operating without service personnel at the observation stations;
successive recording of the oscillations from several blasts without
preparatory operations, except remote control at a distance of up to
several hundreds of kilometers. The existing Soviet and foreign seismic
recorders do not fully correspond to these requirements.

2. The original, portable remote controlled Tayga seismic system was
developed which is specially designed for operations in inaccessible areas.
A highly economical magnetic recording channel for recording seismic
signals using simple tape drives with a dynamic range of more than

50 decibels was built for the first time in the USSR, The noise-proof
system for radio remote control of scattered seismic recorders was built
which insures reliable time gridding of the information received at the
blast time.

3. As a result of the field testing, the correspondence of this equipment
to the proposed requirements was demonstrated. The Tayga system has found
broad production application during regional seismic studies in various
parts of the USSR, including in the most inaccessible parts of Siberia

and the Far East where previously such operations were in practice
impossible. The application of this equipment has greatly increased the
productivity of the field operations.,

Results of Using the Mew Procedure and Equipment

1. The development of the new procedure and equipment, their broad intro-
duction into practice have made it possible to begin systematic regionmal
gseismic studies of the basement, the entire earth's crust and the top of
the mantle over the broad inaccessible expanses of Siberia where previously
such operations, extremely necessary to determine the deep structural laws
and for mineral prospecting, were actually never performed.

2. In the southern half of Western Siberia a frame network of regional
deep seismic sounding traverses has been created with a total extent of
6000 km. Within the Western Siberian platform and its mountain frame
seismic stratification of the depths under the large crustal-mantle blocks
separated by abyssal fracture zones have been discovered, The data ob-
tained are important for more correct solution of the problems of tectonic
regionalization and serve as the basis for deep geological interpretation
of the entire set of geophysical materials.

3, 1In the texrritory of the Western Siberian platform in the broad

(15000 km) network of regional refracted wave gounding traverses and in
the individual areas work has been donme to study the morphology and
physical properties of the basement surface which axe important in
connection with oil and gas prospecting, In the Omsk and Novosibirsk
Oblasts over an area of 100000 km? a study has been made of the internal
three~dimensional structure of the basement with isolation of the low-
velocity layers prospective for finding Paleozoic petroleum,

»
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4. In the Siberian platform the regilonal study of the basement (about
8000 km traverses) was made undér extraordinarily complex surface and
subsurface conditions of the Tungusskaya syneclise and also in the
southern (Nepskily arch) and eastern (Yakutia) regions. Theoretically new
data were obtained on the structure of the basement and the bottom of

the sedimentary mantle required for proper orientation of future petroleum
prospecting work. The first informationabout the laws of the deep struc-
ture of the earth's crust and the top of the mantle in the area of
development of kimberlite magmatism was obtalned for Yakutia,

5. In the Baykal rift zone, which is the largest structure of its type
in Eurasia, the greatest degree of seismic study of the deep structures

- by comparison with other (foreign) continental riftogenesis zones was
achieved in a short time (1968-1975), The traverse (more than 4000 km)
and area studies encompassed the central part of the zone, its flanks
(including the region where the Baykalw~Amur railroad is being built)
and adjacent parts of the Siberian platform, Eastern Sayan and Transbaykal.
Along with the general features of the deep layered-block structure, the
characteristics were discovered which are connected with the active
tectonic process: the presence of a broad (more than 200000 km“) upper
mantle region with anomalously low seismic wave velocity (7.7-7.8 km/sec)
characterized by an average thickness of about 20 km and not having a
continuous connection with the asthenospheric Gutenberg channel; coordina=-
tion of ‘the Baykal basin with the complex faulted zone above the edge of
the anomalous region; the existence of an intracrustal seismic waveguide,
apparently to a significant degree controlling the course of the geodynamic
processes and the seismicity distribution in the given region.

In addition to studying the Siberian regions, significant work was done
using the new procedure in two parts of the east coast of Antarctica

(the work of the 1l4th and 18th Soviet Antarctic Expeditions). The first
and still only seismic data for the sixth continent about the structure

of the entire earth's crust and top of the mantle were obtained. Valuable
experience was gained in performing studies under :the severe polar condi-
tions with a solid ice cover. As a result of using the sounding procedures
to interpret the blast seismology material for the vicinity of Verkhniy
Lake (the Canadian shield) the expediéncy of using this material in the
case of incomplete hodograph systems insufficient for proper realization
of ordinary strict procedures, 1s demonstrated. The introduction of the
sounding procedure and the Tayga equipment was started in the Far East.
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